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Nicolás Cabrera 15, E-28049 Madrid, Spain
30Theoretical Physics Department, Universidad Autónoma de Madrid, E-28049 Madrid, Spain

31Instituto de F́ısica Teórica UAM/CSIC,
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The goal of this white paper is to give a comprehensive overview of the rich field of forward
physics. We discuss the occurrences of BFKL resummation effects in special final states, such
as Mueller-Navelet jets, jet gap jets, and heavy quarkonium production.It further addresses
TMD factorization at low x and the manifestation of a semi-hard saturation scale in (gen-
eralized) TMD PDFs. More theoretical aspects of low x physics, probes of the quark gluon
plasma, as well as the possibility to use photon-hadron collisions at the LHC to constrain
hadronic structure at low x, and the resulting complementarity between LHC and the EIC
are also presented. We also briefly discuss diffraction at colliders as well as the possibility
to explore further the electroweak theory in central exclusive events using the LHC as a
photon-photon collider.
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I. INTRODUCTION

For successful runs at any colliders, such as the LHC at CERN or the incoming EIC at BNL,
and future projects such as FCC at CERN, it is fundamental to understand fully the complete final
states. This obviously includes the central part of the detector that is used in searches for beyond
standard model physics but also the forward part of the detector, the kinematic region close to the
outgoing particles after collision. The detailed understanding of final states with high forward mul-
tiplicities, as well as those with the absence of energy in the forward region (the so-called rapidity
gap), in elastic, diffractive, and central exclusive processes is of greatest importance. Some of these
configurations originate from purely non-perturbative reactions, while others can be explained in
terms of multi-parton chains or other extensions of the perturbative QCD parton picture such as
the Balitsky-Fadin-Kuraev-Lipatov (BFKL) formalism. Future progress in this fundamental area
in high energy physics requires the combination of experimental measurements and theoretical work.

Forward Physics addresses physics that takes place in the forward region of detectors, which
at first is defined as the region complementary to the central region. The latter is the region
dominantly employed in the search for new physics at e.g. the Large Hadron Collider. It is then
also the central region where collinear factorization of hard processes in terms of an partonic
cross-section, convoluted with corresponding collinear parton distribution functions is well defined.
’Hard process’ refers here to a certain reaction subject to strong interactions, which is character-
ized by the presence of a hard scale M with M � ΛQCD with ΛQCD the characteristic scale of
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Quantum Chromodynamics (QCD) of the order of a few hundred MeV. Physics in the forward
region is on the other hand at first characterized by production at large values of rapidity with
respect to the central region. For a hard reactions, where the underlying partonic sub-process is
resolved, one therefore deals with the interplay of partons with a relative large proton momentum
fraction x1, with x1 ∼ 0.1 . . . 1, and partons with very small proton momentum fractions x2 down
to 10−6 in the most extreme scenario. Such small momentum fractions lead generally to a break
down of the convergence of the perturbative expansion and require resummation, which is achieved
by Balitsky-Kuraev-Fadin-Lipatov (BFKL) evolution. The latter gives rise to the so-called hard
or BFKL Pomeron, which predicts a strong and power-like rise of the gluon distribution in the
proton in the region where x2 → 0. While such a rise is clearly seen in data, unitarity bounds
prohibit such a rise to continue forever: at a certain value of x2, this rise must slow down and
eventually come to hold. The latter is strongly related with the formation of an over-occupied
system of gluons, known as the Color Glass Condensate, whose exploration is one of the central
physics goals of a future Electron Ion Collider (EIC). While at an EIC a dense QCD state will
be achieved through scattering of electrons on heavy ions, forward physics at LHC allows here for
a complementary exploration, since high gluon densities are here at first produced through the
low x evolution of the gluon distribution in the proton. Forward physics allows therefore for the
exploration of both BFKL evolution (perturbative evolution towards the low x region) as well as
to search and investigate effects related to the on-set of gluon saturation.

Besides the direct interaction of partons at very low proton momentum fraction, forward physics
also allows for the observation of a different class of events, so-called diffractive events. The latter
are characterized through the presence of large rapidity gaps and therefore probe physics beyond
conventional collinear factorization. In the case of hard events, they give access to complementary
information on the physics of high gluon densities as well as corrections due to soft re-scattering.
At the same time such processes are themselves of direct interest for the exploration of electroweak
physics and physics beyond the Standard Model: due to the presence of rapidity gaps, such events
are characterized through a very few numbers of particles in the final state and allow therefore for
very clean measurements with a strongly reduced background, in comparison to conventional LHC
measurements. Closely related to such diffractive events are photon induced reactions which can be
observed at the LHC. While such reactions can produce final states both in the central and forward
region, control of the forward region is of particular importance for those reactions, since it allows
us to control whether in a certain the event the scattering proton stayed indeed intact and acts in
this way as the photon source. In such events, either one or both of the two scattering protons or
ions at the LHC at as a photon source. The former allows for the study of exclusive photon-hadron
interaction at highest center of mass energies and yields therefore yields another tool for the study
of highest gluon densities, with high precision; as for inclusive reactions, such exclusive reactions
are complementary to measurements at the future Electron Ion Collider, since at the LHC high
parton densities are predominately generated due to high energy evolution, while an EIC relies
due to its lower center of mass energy on the nuclear enhancement. Photon-photon interactions
are on the other hand of high interest, since they provide very clear probes of electroweak and
Beyond-the-Standard-Model physics. With both scattering hadrons intact after the interaction,
QCD background is suppressed to a minimum in such a reaction and complements in this way
LHC searches for new physics based on inclusive events in the central region.

The outline of this white paper is as follows: Sec. II is dedicated to attempts to pin down BFKL
evolution at the LHC as well as its actual use for phenomenology. Sec. III deals with high gluon
densities, saturation as well as their relation to TMD PDFs. Sec. IV deals with the investigation of
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high gluon densities at the LHC and their phenomenological consequences. Sec. V is dedicated to
ultra-peripheral collisions, and Sec. VI to the recent Odderon discovery as well as diffractive jets.
Sec. VII deals with electroweak physics. In Sec. VIII we draw our conclusions.

II. MANIFESTATIONS OF BFKL EVOLUTION

Main Contributors: Cristian Baldenegro, Francesco Giovanni Celiberto, Salim Cerci, Grigorios
Chachamis, Michael Fucilla, Pablo González, Mats Kampshoff, Michael Klasen, Jean-Philippe Lans-
berg, Mohammed M.A. Mohammed, Maxim Nefedov, Melih Ozcelik, Alessandro Papa, Christophe
Royon, Deniz Sunar Cerci, Agustin Sabio Vera, Jens Salomon

In the following section we describe both attempts to pin down BFKL evolution and the un-
derlying Multi-Regge-Kinematics in multi-jet events, Sec. II A, as well as reactions characterized
by two events widely separated in rapidity, Sec. II B. While in those cases BFKL evolution takes
place within a hard event which extends over several units of rapidity, Sec. II C addresses the case
where BFKL evolution is absorbed into the gluon distribution, resulting into an unintegrated gluon
distribution. Sec. II D addresses finally the case where BFKL evolution is matched with collinear
factorization and used to resum large logarithms curing an instability of the latter in the limit of
large partonic center of mass energies.

A. Mueller-Navelet jets

An active area of research in QCD phenomenology at high energies is to pin down novel observ-
ables where the dominant contributions stem from the Balitsky-Fadin-Kuraev-Lipatov (BFKL)
domain [1–8]. This is a challenging task since for typical observables calculations based on ma-
trix elements computed at fixed order along with the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) evolution [9–13] to account for the scale dependence of Parton Distribution Functions
(PDFs) tend to describe the bulk of the data adequately. It is then needed to move towards corners
of the phase space to isolate BFKL effects. This can be done by studying the structure of final
states in Mueller-Navelet (MN) jets events [14], namely, events that have two jets with similar and
large enough transverse momentum p⊥ that can serve as a hard scale, Λ2

QCD � p2
⊥ � s, where s is

the c.o.m. energy squared. The two tagged jets should also be separated by a large rapidity inter-
val Y while there is a rich mini-jet activity in between. Numerous studies took place on MN jets
both at leading-order (LO) BFKL as well as at next-to-leading order (NLO). The main quantity
of interest in most studies was the azimuthal decorrelation between the two outermost jets, for a
non exhaustive list of theoretical works see Refs. [15–34] while relevant experimental analyses by
ATLAS and CMS can be found in Refs. [35–38].

The CMS Collaboration reported a measurement of azimuthal angle decorrelation between the
most forward and the most backward jets (so-called Mueller-Navelet jets) in proton-proton collisions
at
√
s = 7 TeV [38]. In the analysis, jets with transverse momentum, pT > 35 GeV and absolute

rapidity, |y| < 4.7 are considered. The normalised cross sections are compared with various Monte
Carlo generators and analytical predictions based on the DGLAP and BFKL parton evolution
equations. In Fig. 1, the azimuthal angle decorrelation of dijets and ratio of its average cosines
(Cn =< cos(n(π − φdijet)) >) are shown as a function of rapidity separation between the jets, ∆y,
reaching up to ∆y = 9.4 for the first time. At higher centre-of-mass energies, new measurements
of azimuthal angular decorrelations in MN jet events need to be defined and performed. It will be
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FIG. 1: Left: The azimuthal-angle difference distribution measured for Mueller-Navelet jets in the
rapidity interval 6.0 < ∆y < 9.4. Right: Comparison of the measured ratio C2/C1 as a function of
rapidity difference ∆y to SHERPA, HEJ+ARIADNE and analytical NLL BFKL calculations at

the parton level [38].

fundamental to test the dependence of the ∆φ correlations as a function of the outermost jets pT , in
addition to the ∆y scan. The region of applicability of the BFKL formalism is expected to occur in
cases where the outermost jets have similar pT . At the same time, we are interested in studying the
radiation pattern between the jets presented in the form of “mini-jets” between the outermost jets.
Indeed, as the rapidity interval increases there is more phase space available for extra radiation to
be emitted, so it is natural for the average jet multiplicity to increase. The number of mini-jets as
well as the emission pattern in y–φ space could potentially be used in addition to the azimuthal
angular decorrelation to further characterize MN dijet events. The main focus will be given in the
definition of more “exclusive” observables that exploit the two-jet angular correlations between the
mini-jets and the outermost jets in y–φ space, together with a measurement of 〈cos(∆φ)〉 between
the outermost jets.

From the phenomenological studies so far, it became apparent that more precise theoretical
work is needed (e.g. see [38]). In Refs. [39, 40] new observables were proposed aiming at probing
novel multi-Regge kinematics signatures.

In order to define properly the proposed observables, we assume that a MN event is characterized
by:

ka, kb : transverse momenta of the MN jets

y0 = ya = Y, yN+1 = yb = 0 : rapidities of the MN jets

k1, k2, ..., kN : transverse momenta of the minijets

y1, y2, ..., yN : rapidities of the minijets with yi−1 > yi . (1)

Then the observables are

〈p⊥〉 =
1

N

N∑

i=1

p⊥,i , (2)
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〈Ry〉 =
1

N − 1

N−1∑

i=1

yi
yi−1

, (3)

and

〈Rky〉 =
1

N − 1

N−1∑

i=1

kie
yi

ki−1eyi−1
. (4)

Eq. (3) differs from the original definition in [39] since now i runs over the minijets and excludes
the leading MN jets. 〈Rky〉 incorporates a p⊥ dependence which carries information related to
the decoupling between transverse and longitudinal components of the emitted gluons. For the
proposed observables, one can see that events where the minijets have relatively low p⊥, contrary
to what one would naively expect, give a very significant contribution to the gluon Green’s function
(Fig. 1 in [39]) and consequently to the cross-section. The experimental analyses however (mainly
to deal with jet energy reconstruction uncertainties) impose a veto on the p⊥ of any resolved minijet.
Usually the p⊥ veto value for ATLAS and CMS is Q0 = 20 GeV which is rather large if we compare
it to the Q0 = 1 GeV value which was the jet p⊥ infrared cutoff for the plots in [39].

Here we are performing a first comparison between the predictions from a fixed order calculation
and a BFKL based computation for the observables described in Eqs. 2, 3 and 4. We focus on
events where two jets with rapidities ya in the forward direction and yb in the backward direction
can be clearly identified. In order for the BFKL dynamics to be relevant, the difference Y = ya−yb
needs to be large enough so that terms of the form αnsY

n be important order-by-order to get a
good description of the partonic cross-section which can be written in the factorized form

σ̂(Q1, Q2, Y ) =

∫
d2~kAd

2~kB φA(Q1,~ka)φB(Q2,~kb) f(~ka,~kb, Y ). (5)

In this expression φA,B are impact factors depending on the external scales, Q1,2, and the off-shell

reggeized gluon momenta, ~ka,b. The gluon Green function f depends on ~ka,b and the center-of-mass
energy in the scattering ∼ eY/2.

Here, we will work at leading order (LO) with respect to an expansion in the strong coupling
constant αs, however, for BFKL phenomenology at the LHC it is mandatory to work within the
next-to-leading order (NLO) approximation for both the impact factors and the gluon Green’s func-
tion which introduces the dependence on physical scales such as the one associated to the running of
the coupling and the one related to the choice of energy scale in the resummed logarithms [41–44].
It is possible to write the gluon Green function in an iterative way in transverse momentum and
rapidity space at LO [45] and NLO [46, 47]. The iterative solution at LO has the form (for the
NLO expressions see Refs. [46, 47])

f = eω(~kA)Y

{
δ(2)

(
~kA − ~kB

)
+
∞∑

N=1

N∏

i=1

αsNc

π

∫
d2~ki

θ
(
k2
i − λ2

)

πk2
i

×
∫ yi−1

0
dyie

(ω(~kA+
∑i
l=1

~kl)−ω(~kA+
∑i−1
l=1

~kl))yiδ(2)

(
~kA +

n∑

l=1

~kl − ~kB
)}

, (6)

where

ω (~q) = −αsNc

π
ln
q2

λ2
(7)
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corresponds to the gluon Regge trajectory which carries a regulator, λ, of infrared divergences. All
these expressions have been implemented in the Monte Carlo code BFKLex which has already been
used for different applications ranging from collider phenomenology to more formal studies in the
calculation of scattering amplitudes in supersymmetric theories [48–53].

For the fixed order QCD computation of the observables in Eqs. 2, 3 and 4 we use POWHEG [54–
56] and Pythia 8 [57]. In both the BFKL based computation and the fixed order one, the anti-kt
jet clustering algorithm has been used as implemented in fastjet [58, 59]. We use the following
kinematic cuts:

p⊥0 ∈ [30; 40] GeV

p⊥n−1 ∈ [20; 30] GeV

p⊥min ≥ 20 GeV

Y ∈ [−4.7; 4.7] ,

(8)

whereas the jet radius was taken to be R = 0.5 and the NNPDF31 [60] PDF sets were used.
In Figs. 2 and 3 we present some preliminary plots of the observables defined in Eqs. 2, 3 and

4. At the moment, there are no clear conclusions to draw here, this is still work in progress and
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the final results will be reported elsewhere.

B. Toward precision studies of BFKL dynamics

Over the last decade, predictions for a large number of semi-hard observables in unpolar-
ized hadronic collisions have been obtained. Among them, azimuthal correlations between two
jets emitted with high transverse momenta and large separation in rapidity (Mueller–Navelet di-
jet channel [14]) have been identified as promising observables whereby discriminating between
BFKL-resummed and fixed-order-inspired calculations [31, 63]. Several phenomenological studies
have been conducted so far [23, 26, 28–30, 32, 64–69], which are in fair agreement with the only set
of data available, i.e. the one collected by the CMS collaboration for symmetric ranges of the jet
transverse momenta [70]. In Ref. [71] (see also Refs. [72–79]) a clear evidence was provided that the
high-energy resummed dynamics can be sharply disengaged from the fixed-order pattern at LHC
energies when asymmetric cuts for transverse momenta are imposed both in dijet and in jet plus
light-hadron final states. A wealth of inclusive hadronic semi-hard reactions have been considered
as testfields for the BFKL resummation: di-hadron correlations [80–82], multi-jet emissions [83–96],
J/ψ-plus-jet [97, 98], heavy-quark pair [99–101], and forward Drell–Yan di-lepton production with
backward-jet detection [102] and more.

One well know issue in the BFKL approach is that NLO corrections to the Green’s function
turn out to be large and with opposite sign with respect to the LO contribution. This is generally
true also for the impact factors, depicting the transition in the fragmentation region of the colliding
particles, all that resulting is a strong instability of the high-energy series. A notable example in
this respect is represented by the Mueller–Navelet reaction, where instabilities can be dumped by
unnaturally large values of the renormalization and factorization scales [29, 30, 71], chosen within
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suitable optimization schemes, such as the Brodsky–Lepage–Mackenzie (BLM) method [103–106].
This brings to a substantial lowering of cross sections and hampers any chance of making precision
studies.

Recently, however, a set of semi-hard reactions was singled out exhibiting a first, clear stability,
in the typical BFKL observables, under higher-order corrections calculated at natural scales. It is
the case of forward emission of objects with a large transverse mass, such as Higgs bosons [61, 107–
109] and heavy-flavored jets [110–112], studied with partial NLO accuracy. Strong stabilizing effects
in full NLO emerged in recent studies on inclusive emissions of Λc baryons [109, 113] and bottom-
flavored hadrons [62]. Here, a corroborating evidence was provided that the characteristic behavior
of variable-flavor-number-scheme (VFNS) collinear fragmentation functions (FFs) describing the
production of those heavy-flavored bound states at large transverse momentum [114–116] acts as a
fair stabilizer of high-energy dynamics. We refer to this property, namely the existence of semi-hard
reactions that can be studied in the BFKL approach without applying any optimization scheme nor
artificial improvements of the analytic structure of cross section, as natural stability of the high-
energy resummation. Figure 4(left) summarizes the key features of a well behaved perturbative
series in the case of the pT -distribution of a forward Higgs inclusively produced together with a
backward jet (rapidity difference ∆Y = 5) in proton-proton collisions at

√
s = 14 TeV: Born and

NLO fixed order predictions are clearly separated from LO and NLO BFKL, and the latter show a
very moderate dependence on scale variation. Similar features are seen if a bottom-flavored hadron
is detected instead of a Higgs boson in the forward region – see Fig. 4(right). This supports the
statement that high-energy emissions in forward regions of rapidities bring along a high discovery
potential and a concrete opportunity to widen our understanding of hadronic structure and, more in
general, of strong interactions at new-generation colliders, such as the EIC [117–119], HL-LHC [120],
the International Linear Collider (ILC) [121], the Forward Physics Facility (FPF) [122, 123], and
NICA-SPD [124, 125].

C. Unintegrated gluon distribution (UGD)

Inclusive emissions of single forward particles represent a golden channel to access the proton
content at low-x via an unintegrated gluon distribution. The original definition of the unintegrated
gluon distribution relies on high energy factorization and Balitsky–Fadin–Kuraev–Lipatov (BFKL)
evolution [1–3, 5]. It takes the form of a convolution in transverse momentum space between the
BFKL Green’s function and the proton impact factor. The Green’s function is process-independent
and accounts for the resummation of small-x logarithms, while the proton impact factor represents
the non-evolved part of the density and is of non-perturbative nature. Our knowledge of the proton
impact factor is very limited and different models for it and for the unintegrated gluon distribution
itself have been proposed so far. First analyses of unintegrated gluon distributions were performed
in the context of deep-inelastic-scattering (DIS) structure functions [127, 128]. Subsequently, the
unintegrated gluon distribution was probed via the exclusive electro- or photo-production of vector
mesons at HERA [129–139] and the EIC [126, 140, 141], the single inclusive heavy-quark emission
at the LHC [142], and the forward Drell–Yan production at LHCb [143–146].

The connection between the uintegrated gluon distribution and the collinear gluon PDF was
investigated through a high-energy factorization framework set up in Refs. [147–149], and via
the Catani–Ciafaloni–Fiorani–Marchesini (CCFM) branching scheme [150–154]. Then, first de-
terminations of small-x improved PDFs à la Altarelli–Ball–Forte (ABF) [155–161] were recently
achieved [162–164]. A first connection between the unintegrated gluon distribution and the unpo-

larized and the linearly polarized gluon TMDs, fg1 and h⊥g1 , was investigated in Refs. [165–167].
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FIG. 5: Q2-dependence of the longitudinally (left) and transversely (right) polarized cross section,
σL,T , for all the considered UGD models, at the EIC reference energy of W = 30 GeV.

Uncertainty bands describe the effect of varying non-perturbative parameters inside distribution
amplitudes depicting the exclusive emission of a ρ meson. Figures from Ref. [126].

Recent studies [168–170] on the hadronic structure in the saturation regime have highlighted the
significance of the interplay between the Color Glass Condensate (CGC), the low-x improved TMD
(iTMD) framework [171, 172] and the BFKL dynamics, see also the discussion in Sec. III. Here,
both the genuine and the kinematic twists play a key role in shedding light on the transition regions
among these approaches.

In Fig. 5 we show the dependence on the hard scale Q2 seven different unintegrated gluon
distributions, presented in Section 3 of Ref. [126]. To be specific, we single exclusive production of
a ρ-meson in lepton-proton collisions via the sub-process

γ∗λi(Q
2) p → ρλf p , (9)

where a photon with virtuality Q2 and polarization λi is absorbed by a proton and a ρ-meson
with polarization λf is detected in the final state. The two spin states λi,f can be longitudinal
(0) or transverse (1). The (00) combination gives rise to the longitudinal cross section, σL(Q2),
while the (11) one to the transverse cross section, σT (Q2). Here the semi-hard scale ordering,
W 2 � Q2 � Λ2

QCD (with W the hard-scattering center-of-mass energy), is stringently preserved,

and the small-x regime, x = Q2/W 2, is accessed. We further present new results for the EIC [117–
119] at the reference energy of W = 30 GeV (right panel). We make use of the twist-2 (twist-3)
distribution amplitudes s for the longitudinal (transverse) configuration, and we gauge the impact
of the collinear evolution of the distribution amplitudes describing the exclusive emission of the
ρ via a variation of the non-perturbative parameter a2(µ0 = 1 GeV) in the range 0.0 to 0.6 (see
Section 2 of Ref. [126] for further details).

We point out that our predictions are spread over a large range. This provides us with a clear
evidence that polarized cross sections for the exclusive production of light-vector mesons (such
as the ρ-particle) in lepton-proton collisions act as a discriminator for the unintegrated gluon
distribution. We expect that future studies at the EIC will substantially extend our knowledge of
the gluon content of the proton at small-x.
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FIG. 6: Collision energy dependence of pT -integrated prompt inclusive ηc hadro-production cross
section (left panel, adopted form Ref. [183]) and prompt inclusive J/ψ photoproduction cross

section (right panel, adopted from Ref. [184]) at NLO in αs in the Color-Singlet Model for various
choices of factorization (µF = ξFM) and renormalization (µR = ξRM) scales.

D. BFKL resummation of NLO collinear factorization: Heavy quarkonium production

Another way BFKL dynamics manifests itself is within a direct resummation of contributions
enhanced by logarithms of partonic center of mass energy in collinear factorization. Such an ap-
proach allows to combine high energy resummation with theoretical fixed order predictions which
are in general available at a higher perturbative order than their counterparts obtained within high
energy factorization. In the following we focus on the production of heavy quarkonia – bound states
of cc̄ or bb̄ heavy quark pairs, see [173–175] for a recent review. New quarkonium-related measure-
ments had been proposed for the experimental programs of the High-Luminosity LHC [120] and
Spin Physics Detector at NICA [124], as well as for fixed-target program at the LHC [176, 177]. It
is believed, that the non-relativistic nature of these bound states should allow for the description of
hadronization of the heavy quark-antiquark pair into an observed quarkonium state with a modest
number of free parameters. Despite the availability of several factorisation approaches such as the
Color-Singlet Model [178], Non-Relativistic QCD Factorisation approach [179] and more recent
potential-NRQCD [180] and Soft-Gluon factorisation [181, 182], none of them is yet capable to
fully describe the rich phenomenology of inclusive heavy quarkonium production observables, which
includes differential cross sections and polarisation observables in proton-proton, lepton-proton col-
lisions and e+e− annihilation, as described in more deltail in the reviews [120, 124, 173–175] cited
above.

As pointed out in Ref. [183] for the case of pT -integrated prompt ηc hadro-production cross
section and Ref. [184] for the total inclusive

photo-produciton cross section of prompt J/ψ, the collinear NLO calculations of these quan-
tities, based on the Color-Singlet(CS) Model, become unreliable if the collision energy

√
s sig-

nificantly exceeds the heavy quarkonium mass M , see Fig. 6 leading to negative cross-sections
for reasonable values of factorisation scale such as µF = 2M . A careful analysis of the pertur-
bative partonic cross-section and the convolution integral of the former with parton distribution
functions, allows to trace this instability back to the behaviour of the NLO partonic coefficient
function at large partonic center of mass energy ŝ � M2. Beyond NLO, the high energy log-



13

-1.5⋅106

-1.0⋅106

-5.0⋅105

0.0⋅100

5.0⋅105

1.0⋅106

1.5⋅106
√s=7000. GeV, gg
 CT18NLO

d
σ
g
g
/
d
z
 
[
n
b
]

HEF+NLO, InEW, gg, µF-var.
Matching uncertainty

HEF, gg
NLO CF, gg

HEF+NLO, InEW, gg
HEF+NLO, subtr., gg

0.0
0.2
0.4
0.6
0.8
1.0

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

w
g
g
(
z
)

z

103

104

105

106

107

108

CT18NLO, NLO+HEF, M=3 GeV
InEW vs. subtractive matching,
1S0

(1)-state
channels: gg+qg+gq+qiq‾ i+qiqj+qiq‾ j

σ
[
1
S
0
]
 
[
n
b
]

LO, µF,R 5pt. var.
LO+NLO+HEF subtr. match., µF,R 5pt. var.
LO+NLO+HEF InEW match., µF,R 5pt. var.

InEW matching uncertainty
LO

LO+NLO+HEF, subtr. matching
LO+NLO+HEF, InEW matching

LO+NLO, µF=e
-1/2M, µR=M

0.0
0.5
1.0
1.5
2.0
2.5

102 103 104 105

K
-
f
a
c
t
o
r

√s [GeV]

FIG. 7: Left panel: the integrand of the total ηc hadro-production cross section as function of
z = M2/ŝ in the gg-channel. Dashed line – DL HEF contribution, dash-dotted line – NLO CF

contribution, solid line – their matching, according to the Eq. (10), the weight function is shown
in the inset. Right panel: The total cross section of hadro-production production of the

cc̄
[

1S
(1)
0

]
-state as function of

√
spp. Plots adopted from the Ref. [186].

arithmic corrections ∼ αns lnn−1(ŝ/M2) arise in this limit. The necessary resummation can be
addressed using the BFKL resummation in a form of High-Energy Factorisation (HEF), provided
by Refs. [147–149, 185]. The formalism described in these papers allows one to perform a resumma-
tion of Leading Logarithmic (LL) corrections ∼ αns lnn−1(ŝ/M2) to the partonic cross-section in all
orders in αs. As shown in [186], in order for this resummation to be consistent with the factorzation
scale dependence of collinear PDFs, subject to standard NLO DGLAP evolution, it is needed to
truncate the full LL(ln ŝ/M2) resummation for the partonic cross-section, by taking into account
only Doubly-Logarithmic (DL) terms ∼ αns lnn−1(ŝ/M2) lnn(q2

T /µ
2
F ) in the resummation functions

of high energy logarithms. This allows to obtain the double logarithmic resummed expression –

σ̂
(HEF)
ij (ŝ, µF , µR) (i, j = q, q̄, g), which is guaranteed to reproduce the leading logarithmic terms in

the ŝ�M2 asymptotics of the exact partonic cross-section up to NNLO in αs; it serves therefore
for an approximation for the latter one in the Regge limit. In Ref. [186] the resummed expres-
sion was then combined with the exact collinear NLO result, through introducing a smooth weight

functions 0 < w
(CF)
ij (ŝ) < 1:

σ̂ij(ŝ) = σ
(CF, LO)
ij (ŝ) + αsw

(CF)
ij (ŝ)σ̂

(CF, NLO)
ij (ŝ) + (1− w(CF)

ij (ŝ))σ̂
(HEF)
ij (ŝ), (10)

which we construct by suitably adapting the Inverse Squared Errors Weighting (InEW) matching
method of the Ref. [187], in such a way, that the NLO CF term is suppressed when ŝ � M2 and
the resummation term is suppressed outside of the Regge limit.

The numerical results of such matching calculation are illustrated by plots in the Fig. 7. The
left panel shows how the InEW matching of NLO collinear factorization and the resummed con-
tributions works. In the right panel, the plot of the InEW-matched total cross section (red line)
is shown together with its µF and µR scale-variation uncertainty (shaded band). One can see
that the scale uncertainty of the matched prediction does not show any pathological behaviour at
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high energy, unlike the scale-variation plots in the Fig. 6, and it is reduced compared to the scale
uncertainty of the LO cross section.

Thus we conclude, that problems with high-energy behaviour of pT -integrated cross sections of
quarkonium production described in Refs. [183, 184] are manifestations of the necessity to perform
the BFKL-type resummation of high-energy logarithms in the partonic coefficient function of these
processes. Nevertheless such resummed partonic cross section is only part of the full answer, and at
realistic energies

√
s, the region of M2/ŝ ∼ 1 gives comparably large contribution, as it is clear from

the left plot in the Fig. 7, so both contributions should be matched. Interestingly, at high energies
the µ̂F -prescription of the Refs. [183, 184] predicts much lower cross section1 (dashed line in the right
panel of the Fig. 7) than the matched NLO+ resummed calculation, which shows the importance
of systematic resummation formalism, see the Sec. 2.5 of the Ref. [186] for more detailed discussion.

In the future these calculations based on double logarithmic resummation of high energy loga-
rithms matched with NLO collinear factorization in the scheme described above need to be extended
to the J/ψ photoproduction case, studied in the Ref. [184], as well as to the case of rapidity and
pT -differential hadroproduction cross sections of prompt ηc and χc0,1,2 mesons, including the Color-
Octet contributions for the latter ones. Another important intermediate-term goal is to study
how the DL HEF+NLO CF calculation changes the prompt J/ψ pT -spectrum in the Color-Singlet
Model. And crucially, we must find the way to extend out formalism beyond the double logarithmic
approximation to be able to reduce scale-variation uncertainties of our results to make them useful
e.g. for determination of the gluon PDFs at low scales and small x. Experimentally, the inclusive
J/ψ photoproduction in wider range of

√
sγp than was available at HERA could be accessed using

ultra-peripheral collisions at the LHC, as well as future EIC data which will lie at lower energies but
will be more precise due to the increased luminosity. The χc0,1,2 production cross section in wide
range of energies could be studied by the fixed-target experiments using LHC beams [176, 177, 188].

E. Diffraction: Gaps between jets

Another jet probe of BFKL dynamics at the LHC is the production of two high-pT jets separated
by a large (pseudo)rapidity interval void of particle activity, as proposed by Mueller and Tang nearly
30 years ago [189]. The rapidity gap signature between the jets is indicative of an underlying t-
channel color-singlet exchange mechanism. The hard scale of the process, justified by the high jet
pT, allows for a treatment of this exchange in terms of perturbation theory. A natural mechanism
in QCD to explain this process is BFKL Pomeron exchange between partons. This description is
expected to be more justified as the jets become more separated in rapidity. Contributions based
on DGLAP evolution are expected to be strongly suppressed in dijet events with a central rapidity
gap by virtue of a Sudakov form factor that needs to be supplemented to the calculation. Thus, the
jet-gap-jet process may allow us to directly access the small-x dynamics of interest, complementary
to other standard probes of this regime of QCD interactions.

Measurements of jet-gap-jet events have been presented by the CDF, D0, and CMS at
√
s =

0.63, 1.8, 7, and 13 TeV [190–193]. At the Tevatron and at the LHC, the pseudorapidity gap
between the jets is defined as the absence of particles in |η| < 1 with pT > 200 MeV (or 300
MeV in some cases) between the highest pT jets. The threshold is constrained by the capability of

1 This happens for pseudo-scalar quarkonia because of the low value of µ̂F < M which leads to less evolved gluon
PDFs and therefore smaller cross sections. In contrast to this, for other processes such as Higgs production, one
may encounter larger µ̂F > M values and consequently larger cross sections due to PDF evolution [183].
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the detectors to reconstruct charged-particle tracks and by the calorimeter noise energy threshold.
Experimentally, these events are very clean and can be separated from the overwhelming color-
octet exchange dijet background using data-driven methods or with Monte Carlo generators. The
observable that is extracted in these measurements is the fraction of color-singlet exchange dijet
events in the inclusive dijet sample,

fCSE ≡
dσCSE

dσinclusive
(11)

The fCSE fraction is measured as a function of the second-leading jet pjet2
T , the pseudorapidity

separation between the jets ∆ηjj ≡ |ηjet1 − ηjet2|, and in some cases a measure of momentum
imbalance between the jets, such as ∆φjj ≡ |φjet1 − φjet2|. Theoretical uncertainties related to the
choice of PDF and the variation of renormalization and factorization scales partially cancel in fCSE.
Correlated experimental uncertainties related to jet energy corrections, luminosity, acceptance and
efficiency effects, cancel in the ratio. The fCSE fractions are of the order of 0.5–1%, depending on
the collision energy and dijet kinematics. This means that about 0.5–1% of the inclusive dijet cross
section is due to hard color-singlet exchange.

Previous phenomenological studies of the jet-gap-jet process were based on PYTHIA6 and HER-
WIG6 Monte Carlo generator [194–198]. This is a good motivation to re-visit the phenomenological
predictions in light of recent developments on the event generator tuning at the LHC and with the
advent of NLO + PS generators for the calculation of the cross section for inclusive dijet produc-
tion. This helps us assess the possible theoretical shortcomings and ideas for future experimental
measurements.

To understand these measurements in the context of BFKL dynamics, we have embedded the
BFKL pomeron exchange amplitudes at NLL with LO impact factors in the PYTHIA8 event
generator. We use a recent CP1 tune of PYTHIA8, which has an improved phenomenology of
initial- and final-state radiation, multiple parton interactions, and hadronization for a wide range of
energies and collision systems, including 13 TeV pp collisions [199]. We use POWHEG+PYTHIA8
for the NLO+PS calculation of the inclusive dijet cross section using the CP5 tune of PYTHIA8.
We compared our calculations to the measurements by the Tevatron and LHC experiments using
the same rapidity gap selection as the experiments (pT > 200 MeV in |η| < 1) and with a rapidity
gap definition that is closer to the theoretical expectation (|η| < 1, no pT requirement). In Fig. 8,
we show a few predictions for 13 TeV together on top of the measurement by CMS. In doing
these studies, we discovered that there is an important role of initial-state radiation effects in
the destruction of central gaps as one goes to larger

√
s. We find that the description using a

theoretical-like gap and the experimental gap agree with each other, modulo a global normalization
factor, at 1.8 TeV and 7 TeV, but a clear disagreement is observed at 13 TeV. The theoretical gap
prediction gives a better description of the data at 13 TeV.

In investigating the source behind the phenomenological differences between the gap definitions,
we find that there is sensitivity in the modeling of fragmentation with the additional production of
color charges with ISR in PYTHIA8. The Run-2 tunes of CMS were fit to reproduce charged particle
spectra measurements in minimum-bias events split into single-diffractive (forward rapidity gap),
non-diffractive, or inelastic topologies [200]. For a better phenomenological interpretation of the
jet-gap-jet process, additional experimental input on measurements of minimum-bias events with
central rapidity gap topologies, similar to the ones used for the jet-gap-jet process but without the
requirement of high-pT jets, will be necessary to further tune ISR and fragmentation modelling
effects. To get more insight on this aspect, future phenomenological calculations should be done
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FIG. 8: Measurement of the color-singlet exchange fraction fCSE at 13 TeV by the CMS
Collaboration [193]. Theoretical predictions based on BFKL calculations at next-to-leading
logarithmic accuracy assuming experimental gap (“exp gap”), a theoretical-like gap (“strict

gap”), and no gap requirement (“full BFKL”) are presented. The bands represent uncertainties
related to factorization and renormalization scale variations. The gap survival probabilities,

indicated in the legend, were fit with a χ2 scan.

by embedding the BFKL calculations in the HERWIG7 generator, which has a different evolution
variable in the parton shower and a different fragmentation model.

The present BFKL calculations for the jet-gap-jet process account for the resummation of loga-
rithms of energy at NLL accuracy using LO impact factors. The NLO impact factors were calculated
in recent years [201, 202], but they have not been incorporated into the phenomenological analysis
yet. In addition, to improve the phenomenological description, it will be important to take into
account the effect of wide angle, soft gluon emissions into the gap region. These lead to so-call non-
global logarithms, which are not resummed in the BFKL framework. The resummation is known
exactly in the large-NC limit, and is described by the Banfi–Marchesini–Smye equation[203]. The
effect of these non-global logarithms for the jet-gap-jet topology is a suppression of the gluon-gluon
processes relative to quark-gluon and quark-quark processes [204].

Experimentally, future measurements could benefit from exploring different definitions of the
pseudo-rapidity gap between the jets. For example, by scanning the pT threshold used to define
the pseudo rapidity gap in order to better control the aforementioned ISR effects, or by defining
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a “sliding” pseudo rapidity gap interval event-by-event. To suppress the underlying event activity,
one could target hadron-hadron collisions where at least one of the colliding hadrons remains intact
due to Pomeron exchange. Such a measurement has been presented by CMS and TOTEM [193],
demonstrating the feasibility for such studies. However, the sample size was rather limited and did
not allow for a differential measurement of the fCSE. Special runs at the LHC at

√
s = 14 TeV

with single proton-proton collisions with an integrated luminosity of L = 10 pb−1 would allow for
a highly differential measurement in a controlled hadronic environment.

To this date, we still do not have a global and satisfactory description of jet-gap-jet events from
the point of view of QCD. In principle, given the hard scale of the process, the jet-gap-jet process
should be describable in terms of perturbation theory, and potentially be a venue for understanding
BFKL dynamics. It is counter-intuitive that such a simple signature is more complicated to describe
than the significantly “busier” inclusive dijet events.

According to the Tevatron and LHC measurements, about 0.5–1% of the inclusive dijet cross
section is due to t-channel hard color-singlet exchange. The subprocess for QCD hard color-singlet
exchange is not currently implemented as a standard subprocess in modern Monte Carlo event
generators. As the experimental precision increases for inclusive jet cross section measurements,
the absence of t-channel color-singlet exchange subprocesses becomes more important, for example
for PDF or αs extractions. Thus, for the next years in high-energy physics, it will be important to
have a proper understanding of this process, both experimentally and theoretically.

III. HADRONIC STRUCTURE AT LOW x AND GLUON SATURATION

Main Contributors: Renaud Boussarie, Francesco Giovanni Celiberto, Michael Fucilla, An-
dreas van Hameren, Jamal Jalilian-Marian, Piotr Kotko, Krzysztof Kutak, Mohammed M.A.
Mohammed, Alessandro Papa, Sebastian Sapeta, Lech Szymanowski, Samuel Wallon

A. Color Glass Condensate and high gluon densities

Even though BFKL resummation can stabilize collinear factorization, this approach is expected
to eventually breakdown due to the resulting high gluon occupation numbers. While the gluon
distribution is rapidly growing at small x due to radiation of more and more small x gluons due
to the availability of large longitudinal phase space at high energy, at some point the number of
partons (gluons) occupying the same transverse area in the target hadron or nucleus will be large
and the QCD-improved parton model where nearby partons are treated as not interacting with
each other will cease to be applicable to high energy collisions. This is the phenomenon of the so
called gluon saturation. In the Color Glass Condensate formalism one treats this state with a large
gluon occupation number as a classical color field generated by the large x color degrees of freedom
generically called sources of color charge ρ. In this formalism a high energy hadronic or nuclear
collision is then treated as a collision of two highly contracted classical color fields, i.e. shock waves.
This a highly non-trivial and so far not amenable to analytic solutions in general. A somewhat
easier problem is to consider scattering of a dilute system of partons on a dense system of gluons
described as a saturated state of gluons. In this so-called dilute-dense collision the relevant degrees
of freedom are Wilson lines in fundamental or adjoint representation,

V (xt) ≡ P̂ exp

{
ig

∫ +∞

−∞
dx+A−a ta

}
(12)



18

re-summing multiple scatterings of a quark or gluon parton projectile on the classical color field
A− describing the target dynamics in light cone gauge A+ = 0. Production cross sections in this
approach involve two and four point correlation functions of Wilson lines known as dipoles and
quadrupoles (these are the only two correlation functions in leading Nc approximation). Quantum
loop effects are then incorporated into this formalism via a functional renormalization group equa-
tion known as the JIMWLK equation [205–215] which in the Gaussian and large Nc approximation
reduces a close equation known as the BK equation [216, 217]. While applications of the Color
Glass Condensate to high energy collisions at HERA, RHIC and the LHC have yielded tantalizing
hints of gluon saturation effects there is still no firm evidence.

B. Transverse Momentum Dependent Parton Distribution Functions

Unlike collinear factorization, such an approach is based on high energy factorization, which
yields cross-sections as convolutions in transverse momenta or coordinates, in contrast to convolu-
tions in hadron momentum fraction, encountered for collinear factorization. In [165] it has been
shown that neglecting any higher twist correction one finds in the small x description of semi-
inclusive observables the sought after distributions which contains the information on transverse
momentum in hadron: the Transverse Momentum Dependent (TMD) gluon distributions. These
distributions allow for 3 dimensional imaging of hadrons: one accesses one longitudinal direction
and two transverse dimensions of momentum inside them. Such TMD distributions are not only
of interest to characterize effects related to the presence of high gluon densities in hadron. More
generally they allow to obtain a 3D imaging of the proton content and to answer fundamental
questions of the dynamics of strong interactions, such as the origin of proton mass and spin calls,
see Refs. [218, 219] and references therein. The complete list of unpolarized and polarized gluon
TMDs at leading twist (twist-2) was afforded for the first time in Ref. [220]. Note that this is list is
generic and is at first not restricted to high energy factorization and/or the presence of high parton
densities. They however provide useful tools to map the information contained in correlators of
multiple Wilson lines Eq. (12). Tab. I contains the eight twist-2 gluon TMDs for a spin-1/2 target,
using the nomenclature defined in Refs. [221, 222]. The two functions on the diagonal in Tab. I
respectively stand for the density of unpolarized gluons inside an unpolarized nucleon, fg1 , and of
circularly polarized gluons inside a longitudinally polarized nucleon, gg1 . They are the counterparts
to the well-known unpolarized and helicity gluon PDFs obtained within collinear factorization. Ac-
cording to TMD factorization, i.e. factorization in the limit where a certain transverse momentum
k⊥ is significantly smaller than a certain hard scale M , M � k⊥, all these densities embody the
resummation of transverse-momentum logarithms, which constitute their perturbative input. Much
is know about this resummation [223–225], but very little is known about the non-perturbative
content of these TMD distribution. It is then this non-perturbative content (from the point of view
of TMD factorization) which promises to give information on the Color Glass Condensate.

The distribution of linearly polarized gluons in an unpolarized hadron, h⊥g1 , is particularly
relevant at low-x, since it leads to spin effects in collisions of unpolarized hadrons [226–231], whose

size is expected to become more and more relevant when x diminishes. The Sivers function, f⊥g1T ,
gives on the other hand information about unpolarized gluons in a transversely polarized nucleon,
and is relevant to study transverse-spin asymmetries emerging in collisions with polarized-proton
beams; within the context of low x physics it is of particular interest due to its connection with the
QCD Odderon [232].

First attempts at phenomenological analyses of fg1 were done in Refs. [233–235]. The phe-
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U circular linear

U fg1 h⊥g1

L gg1 h⊥g1L

T f⊥g1T gg1T hg1, h⊥g1T

TABLE I: A table of leading-twist gluon TMDs for spin-1/2 targets. U , L, T stand for
unpolarized, longitudinally polarized and transversely polarized hadrons, whereas U , ‘circular’,

‘linear’ depict unpolarized, circularly polarized and linearly polarized gluons, respectively. T -even
(odd) functions are given in blue (red). Black functions are T -even and survive the integration

over the gluon transverse momentum.

nomenology of f⊥g1T was discussed in Refs. [236–239]. Due to the shortage of experimental data
on the gluon-TMD sector, exploratory analyses of gluon TMDs via simple and flexible models are
required. Pioneering analyses along this direction were conducted by the hands of the so-called spec-
tator framework [220, 240, 241]. Originally employed to model quark TMD distributions [221, 242–
246], it relies on the assumption that from the struck hadron a gluon is extracted, and what remains
is considered as an effective on-shell spin-1/2 object. Spectator-model T -even gluon TMDs at twist-
2 were recently obtained in Ref. [247] (see also Refs. [248–250]), while a preliminary calculation of
the T -odd ones can be found in Refs. [251–253]. The T -even gluon correlator is taken at tree level
and does not account for the gauge-line dependence, which appears in our model in the T -odd case.

For an unpolarized proton, we identify the unpolarized distribution

xρ(x, px, py) = xfg1 (x,p2
T ) (13)

as the probability of extracting unpolarized gluons at given x and pT , while the Boer–Mulder
density

xρ↔(x, px, py) =
1

2

[
xfg1 (x,p2

T ) +
p2
x − p2

y

2M2
xh⊥g1 (x,p2

T )

]
(14)

represents the probability of extracting linearly-polarized gluons in the transverse plane at x and
pT .

Contour plots in Fig. 9 refer to the behavior in pT of the ρ-densities in Eqs. (13) and (14),
respectively, obtained at Q0 = 1.64 GeV and x = 10−3 for an unpolarized proton virtually moving
towards the reader. The color code is related to the size of the oscillation of each density along
the px and py directions. To better catch these oscillations, ancillary 1D plots representing the
corresponding density at py = 0 are shown below each contour plot. As expected, the density of
Eq. (13) has a cylindrical pattern around the direction of motion of the proton. Conversely, the
Boer–Mulders ρ-density in Eq. (14) presents a dipolar structure which reflects the fact that gluons
are linearly polarized. The running away from the cylindrical symmetry is emphasized at small
x, because the Boer–Mulders function is particularly large. From the analytic point of view, the
ratio between fg1 and h⊥g1 TMDs turns to a constant in the asymptotic limit x → 0+. This is in
line with the prediction coming from the linear BFKL evolution, i.e. that at low-x the “number”
of unpolarized gluons equals the number of linearly-polarized ones, up to higher-twist effects (see,
e.g., Refs. [254–258]). Therefore, a connection point between our gluon TMDs and the high-energy
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FIG. 9: 3D tomographic imaging of the proton unpolarized (left) and Boer–Mulders (right) gluon
TMD densities as functions of the gluon transverse momentum, for x = 10−3 and at the initial
energy scale, Q0 = 1.64 GeV. 1D ancillary panels below main contour plots show the density at

py = 0. Figures from Ref. [247].

QCD dynamics has been established.

effects [169].

To access more dimensions of partonic content, exclusive processes are necessary. The richest
distributions one encounters in perturbative QCD processes are the so-called Generalized TMD
distributions (GTMD). They parameterize master correlators of 5 parameters (x, ξ,~k2

⊥, ~∆
2
⊥,~k⊥ ·~∆⊥)

where x,~k⊥ are respectively the fraction of the longitudinal target momentum and the transverse
momentum carried by a parton, and ξ and ~∆⊥ are the longitudinal and transverse momentum
transfer to the hadron. For (ξ = 0, ~∆⊥ = ~0⊥) the GTMD becomes a TMD. In a given process,
the set of GTMD distributions which are accessed depends on final state kinematics, but also
on the parton and hadron polarizations with repercussions on the measured final state. Multidi-
mensional tomography of hadrons as a probe for Wigner distributions and TMD distributions has
been a major focus of theoretical and experimental efforts, and it will be an important share of
the physics goals of future colliders such as the Electron Ion Collider [259]. Examples of relevant
processes – which also allow at least in principle for an analysis at next-to-leading order in the
perturbative expansion – are Meson production in γ(∗)p collisions [260], inclusive and diffractive
dijets [170, 259, 261–264], see also [265] for a first phenomenological application to HERA data, as
well as exclusive pion production in unpolarized electron-proton scattering in the forward region,
which is a direct probe of both the gluon Sivers function and the QCD Odderon [232].
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C. Complementarity between EIC and LHC

There exists a very nice complementarity between EIC and LHC experiments. Indeed it is possi-
ble to gather important input on such (G)TMD distributions from photon-hadron reactions, which
at the LHC is accessible through ultraperipheral proton-nucleus and nucleus-nucleus collisions,
see Sec. V for a detailed discussion. A photo production processes which provides the necessary
hard scale for an analysis based on perturbative QCD expansion is the production of quarkonia,
in particular diffractive exclusive photoproduction of J/ψ charmonia with negative charge parity
which allows to study the distribution of gluons in the target. On the other hand, the same type of
production of charmonia with positive charge parity as ηc or χc permits studying gluonic exchanges
with negative charge parity corresponding to Odderon exchanges. A related process is exclusive
diffractive meson production at large momentum transfer |t|, which could provide a new set of
observables to reveal saturation effects. While HERA measurements are limited by statistics, UPC
reactions at LHC might allow for the observation of a different scaling in t, when passing from a high
energy kinematics governed by BFKL-like descriptions to extreme rapidities in which saturation
effects are expected. Instead of using t as a hard scale, it is also possible to study diffractive states
which contain at least one meson carrying a large p⊥, originating from collinear fragmentation of
the virtual qq̄ pair produced by the photon. The large value of p⊥ ensures that each of the q and q̄
carries an (opposite) large q⊥ through the usual ordering of collinear fragmentation. Relying on the
recent results obtained for impact factors γ → qq̄g at leading order and γ → qq̄ at next-to-leading
order, which were used for the computation of the γ → dijet impact factor at NLO, a complete
NLO study could be done in the future. Most probably, the pion channel which is the best known
for fragmentation functions, would be the most promising.

Last but not least it is worth to mention large invariant mass systems: In the spirit of time-like
Compton scattering, in which the hard scale is provided by the virtuality of the emitted virtual
photon, exclusive production at JLab of a γ-meson pair of large invariant mass is a very promising
process to access to Generalized Parton Distributions (GPD) [266, 267], another particular facet
of the master correlators obtained by integrating out their ~k⊥ dependency. It turns out that the
same process in the large s limit belongs to the class of diffractive processes, therefore furnishing
another probe for studying gluonic saturation. Thus, by covering a very wide kinematical range,
the same process studied at JLab, EIC (in photoproduction), and LHC (in UPC), would allow to
pass from a description based on collinear factorization involving a nucleon GPD to a high energy
description in which linear and non-linear resummation effects are expected.

D. Forward dijets: from LHC to EIC

Dijets produced in the forward direction of the detectors are characterized by final states at
large rapidities and hence they trigger events in which the partons from the nucleus carry small
longitudinal momentum fraction x. This kinematic setup is well suited to investigate the properties
of dense partonic system and the phenomenon of saturation. The following study is based on the so-
called small-x Improved Transverse Momentum Dependent factorization framework [168, 171, 268–
271] which accounts for exact kinematics of the scattering process with off-shell initial-state gluons,
gauge invariant formulation of the TMD gluon densities as well as off-shell partonic amplitudes,
and complete kinematic twists, while neglecting genuine twists. The framework therefore covers
both kT -factorization [148, 272] in the limit of large off-shellness of the initial-state gluon from the
nucleus small-x TMD factorization [165] in the limit where momenta of the final-state jets are much
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larger then the momentum of the incoming off-shell gluon. Furthermore [169, 170] demonstrate a
very good agreement of this approach with the full CGC result in the region dominated by hard
jets i.e. kT , pT > Qs.

While the original Improved TMD framework includes gluon saturation effects, it does not
account for the complete set of contributions proportional to the logarithms of the hard scale
set by the large transverse momenta of jets – the so-called Sudakov logarithms. As shown in
Refs. [273, 274], inclusion of the Sudakov logarithms is necessary in order to describe the LHC
jet data in the region of small x. In the low-x domain, the resummation leading to the Sudakov
logarithms has been developed in Refs. [275, 276], see also [277]. In Ref. [278], it was shown for the
first time that the interplay between the saturation effects and the resummation of the Sudakov
logarithms is essential to describe the small-x forward-forward dijet data.

In this section we present two results that demonstrate relevance of both effects, i.e. nonlinearity,
accounting for saturation, and the Sudakov effects, accounting for emissions of soft gluons. We shall
consider two processes:

• the inclusive dijet production

p (Pp) + A (PA)→ j1(p1) + j2(p2) +X , (15)

• the dijet production in deep inelastic scattering

e (Pe) + A (PA)→ e (pe) + j1(p1) + j2(p2) +X , (16)

where A can be either the lead nucleus or a proton.

To describe the former process, we use a hybrid approach where one assumes that the proton p
is a dilute projectile, whose partons are collinear to the beam and carry momenta p = xpPp. The
hadron A is probed at a dense state. The jets j1 and j2 originate from the hard partons produced
in a collision of the probe a with a gluon belonging to the dense system A. This gluon is off-shell,
with momentum k = xAPA + kT and k2 = −|~kT |2. The ITMD factorization formula for the above
process can be found in Ref. [171], while the formula for the e -A collision can be found in Ref. [279]

As it has been argued above, in order to provide realistic cross section predictions one needs
to include also the Sudakov effects. For dijet production at the LHC, we used a DGLAP based
Sudakov form factor [278].

In Fig. 10 we show normalized cross sections as functions of ∆φ in p -p and p-Pb collisions. The
three panels correspond to three different cuts on the transverse momenta of the two leading jets.
The points with error bars represent experimental data from Ref. [280]. The main results for the
p -Pb collisions are represented by the blue solid lines. The broadening of the distributions as we
go from p -p to p -Pb comes from the interplay of the non-linear evolution of the initial state and
the Sudakov resummation.

In the Fig. 11 we show predictions for nuclear modification in DIS process as one increases the
energy of the collision. In particular, we present the results for three values of the energy that
are relevant for the EIC, LHeC and FCCeh. We see that for larger energies, the suppression due
to saturation is larger, and that the Sudakov form factor cancels too a large degree. This results
demonstrates that having results for the absolute cross sections [279] and nuclear modification
ratio, one can in principle isolate effects due to saturation from the effects coming from to Sudakov
resummation.
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FIG. 10: Broadening of azimuthal decorrelations in p -Pb collisions vs p -p collisions for different
sets of cuts imposed on the jets’ transverse momenta. The plots show normalized cross sections as

functions of the azimuthal distance between the two leading jets, ∆φ. The points show the
experimental data [280] for p -p and p -Pb, where the p -Pb data were shifted by a pedestal, so

that the values in the bin ∆φ ∼ π are the same. Theoretical calculations are represented by the
histograms with uncertainty bands coming from varying the scale by factors 1/2 and 2.
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FIG. 11: Nuclear modification factor RpA as a function of the azimuthal angle between the jet
system and the scattered electron in LAB frame (left) and as a function of the azimuthal angle

between the jets in the Breit frame (right). The calculations are done for three different CM
energies per nucleon. Solid lines correspond to calculations using Sudakov form factor and

KS-based WW gluon density.

E. Color Glass Condensate beyond high energy factorization

Theory predictions for Color Glass Condensate correlators are genuinely based on high energy
factorization which can be recast as the first order of an expansion in parton momentum fraction
x. However, in particular for EIC kinematics but also if descriptions are to be extended to central
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FIG. 12: A comparison of of target x range contributing to single inclusive pion production in
proton-proton collisions at RHIC. Left panel is from Ref. [281]) showing the target x-range as
predicted by the collinear factorization formalism while the right panel is the x-range obtained

from the Color Glass Condensate formalism, taken from Ref. [282]

rapidities, there is the danger that one is leaving the regime of applicability of this expansion. This
is most easily seen in the kinematics relation

x1,2 =
p⊥√
s
e±y (17)

where x1,2 are the projectile and target momentum fraction probed in the collision while p⊥ and
y are the transverse momentum and rapidity of the produced particle. As is seen as one looks at
higher and higher transverse momenta of produced particles one is probing larger and larger values
of the target x which is bound to eventually become too large for CGC to be a valid description of
the target. Furthermore it is essential to realize that the multiple scatterings of the projectile on
the target which is needed due to high gluon density of the target are treated in the eikonal, i.e.
recoil-less approximation which can accommodate only a small angle deflection of the projectile.
This eikonal approximation to multiple scatterings is the reason one can elegantly re-sum them
into a Wilson line. As one considers particle production at higher p⊥ this recoil-less approximation
breaks down and partons are scattered at a large angle. This is not included in the CGC formalism.
In Fig. (12) we show the difference in the target x involved in pion production in proton-proton
collisions in the forward rapidity region at RHIC. Both collinear factorization and CGC approaches
fit the data well and yet the physical cross section is dominated by very different target x’s in the
two approaches so clearly there is a discrepancy. Both approaches can not be correct at the same
time so at least one or both of the two must be missing some crucial physics. This demonstrates
the need for a more general formalism that include collinear factorization at high p⊥ and the Color
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Glass Condensate formalism at small x.

In [283–285] a new approach to particle production at high energies was proposed which aims
to accomplish this, include large x (high p⊥) physics as encoded in collinear factorization and
gluon saturation effects at small x as described by JIMWLK equation. A related, but different
approach [286, 287] aims at first at a unification of collinear factorization and low density high energy
factorization. All these approaches imply the necessity to go beyond the eikonal approximation
and allow a large angle deflection of the projectile parton. This can not happen if one considers
scattering from small x modes of the target as is the case in CGC. Therefore one must include
scattering from the large x modes of the target. This is currently work in progress and will be
reported elsewhere.

IV. IMPRINTS OF HIGH GLUON DENSITIES AT LOW X AT THE LHC.

Main Contributors: Georgios K. Krintiras, Constantin Loizides, Mark Strikman

A. Open QCD questions at a hadron-hadron collider: Parton fragmentation, mini-jets and
their interplay with high parton densities

Apart from the study of specific observables which allow to obtain information on different
TMD distribution function, there exists also more global features of QCD phenomenology at a
hadron-hadron collider, which allow to study and quantify the manifestation of high and potentially
saturated parton distributions.

1. Evidence for nonlinear QCD dynamics in the fragmentation region in pA scattering

A first region where such evidence for QCD non-linear dynamics could be found is the the
fragmentation region of proton nucleus scattering. In a collision of two nucleons or nuclei, a parton
with given hadron momentum fraction x1 resolves partons in another nucleon down to momentum
fractions of the order

x2 = 4p⊥
2/(x1s), (18)

with p⊥ the transverse momentum of the parton and
√
s the center of mass energy of the collider.

At the LHC, for x1 = 0.3 and |p⊥|=2 GeV/c, and
√
s = 14 TeV in proton-proton collisions, one is

therefore sensitive down to values of approximate x2 ∼ 3 · 10−7. Even smaller values of x, down to
x ∼ 10−9, are resolved in the collisions with cosmic rays. At such low values of x, the secondary
hadron is in generally characterized by the presence of high parton – in particular gluon – densities.
A parton propagating through such a dense medium of small x ≥ x2 partons acquires a significant
transverse momentum, due to interaction with the dense gluonic field and looses a finite fraction
of its momentum [288]; this is in particular the case for central proton nucleus collisions, where
parton densities are further subject to nuclear enhancement2

2 Note, that there is a moderate gain in the gluon density per unit area in such proton nucleus collisions and hence
in the average value of gained transverse momentum, in comparison to scattering on a proton. Nevertheless,
fluctuations of the gluon density are much smaller in case of nuclei.
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One consequence of this is a strong suppression of the leading particle spectrum as compared to
minimal bias events: Each parton fragments independently and splits into a couple of partons with
comparable energies. This suppression is especially pronounced for the production of nucleons: for
values of Feynman xF ∼ x1 above 0.1 the differential multiplicity of pions should exceed that of
nucleons, see [289] for a study which however does not include an additional suppression due to
finite fractional energy losses. Suppression of forward pion production was observed at RHIC in
deuteron - gold collisions at xF ≥ 0.3,[290, 291], see also the discussion in [281]. It is important to
note that in this kinematic regime, perturbative QCD works pretty well. Indeed essential values
of x2 are in these reactions of the order of ∼ 0.01 [281], see Fig. 12 left-hand side, which is still
far from the phase space region where gluon densities are so high such that nonlinear effects may
become important in the evolution of nuclear parton distribution functions. Note that in the CGC
scenario central collisions dominate and one has to assume the existence of a mechanism for a
very strong suppression of the scattering in the DGLAP x2 ≥ −.01 kinematics. Nevertheless, the
observed suppression of the inclusive per nucleon dAu→ π0 +X cross section as compared to the
inclusive pp→ π0 +X cross section, RdAu,

RdAu(xF = 0.5, p⊥ = 2GeV/c) ∼ 0.5, (19)

is in a gross contradiction with the naive perturbative QCD prediction of RdAu(pQCD) = 1.0.
Moreover the analysis of the STAR data on the multiplicity of hadrons produced in the events with
a forward π0 trigger indicates that the dominant contribution to the pion yield originates from
peripheral collisions. This suggests that for central collisions the actual suppression is much larger
- about a factor of the order five.

The observed pattern is consistent with the scenario of an effective fractional energy loss, which
leads to a large suppression: The π inclusive cross section strongly drops with increasing xF .
Leaving details aside, the observed effect is strong evidence for a break down of the perturbative
QCD approximation. It is natural to suspect that this is due to effects of strong small x gluon
fields in nuclei, as the forward kinematics is sensitive to small x effects. Overall the generic features
expected in all models in which interaction strength is comparable with a black disk limit are:

i) Strong suppression of the large xF spectra at moderate values of p⊥

ii) Broadening of the transverse momentum distributions of leading hadrons at large xF .

Both effects should become more and more pronounced with increasing collision energy and cen-
trality of collision and/or and increase of the number of nucleons A. They should be studied as a
function of A and centrality. Hence one may expect much stronger suppression of pion spectrum at
xF & 0.4 and a stronger pt broadening at the LHC as compared to RHIC. Note that these effects
should be much more mild for central proton-nucleus collisions, due to weak dependence of the
cross section on xF . This is in line with the observation of the ALICE experiment [292], which
measured the pion yield as a function of p⊥ at central rapidities at the LHC and found only a
small enhancement of the yield for the central collisions. Note that the rapidity interval between
the pion and the initial nucleon in this case similar to that of the RHIC experiments. This is
consistent with the scenario that at central rapidities the only significant effect is p⊥ broadening
due to elastic re-scatterings, which leads to an enhancement of the cross section rather than to its
suppression. It would be informative to measure a recoil gluon mini-jet from the underlying quark
- gluon collision to study the effect of suppression as a function of xg for fixed pion xF .
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Further exploration of these effects in pp scattering would be possible by studying production of
the leading mesons with a centrality trigger - like dijet production at at central rapidities. Also it
would be instructive to study these effects in the ultra-peripheral collisions at the LHC since in this
case one can reach center of mass energies for the photon-nucleus reaction, which are comparable
to center of mass energies for nucleus-nucleus scattering at RHIC.

2. Mini-jet dynamics at collider energies

The leading order cross section for scattering of two partons grows within perturbative QCD
rapidly with decreasing momentum transfer between the scattering partons. Combining this effect
with the growth of gluon densities at small x, one obtains an inclusive mini jet cross section which
exceeds even the inelastic proton-proton cross section. This suggests that the average mini jet mul-
tiplicity may exceed one. To tame this mini-jet cross section, Monte Carlo models either introduce
a hard (no collisions with p⊥ < p0(s) or a soft cutoff (smoothly switching off interactions with
p⊥’s below a few GeV/c. Interestingly, models seem to suggest that the suppression factor grows
rather rapidly with collision energy. Clarifying the precise mechanism for the energy dependence
of the suppression of mini-jets in both in proton-proton and proton-nucleus scattering is one of the
current challenges of high energy QCD. Note that while gluon saturation generates such an effect
for the small x region, it does not explain a similar suppression for peripheral proton-nucleus and
proton-proton collisions. It does also not explain suppression for x ∼ 10−2 ÷ 10−3 far from the
black disk limit [293]. A comparison of transverse momentum distributions of hadrons produced
in the very forward region and central rapidities would certainly help for a better understanding
of this suppression mechanism.

A direct observation of mini-jets is pretty difficult, since transverse momenta of hadrons gener-
ated in the fragmentation of mini-jets may be rather close to the soft scale. The hadron density
close to the fragmentation region of protons is however much smaller than for central rapidities,
which should make extraction of the mini-jet signal easier. One possible strategy is to select a
hadron (a mini-jet) at y ∼ 2÷ 4 or even higher with fixed p⊥ and measure the average transverse
momentum of hadrons produced at negative rapidities. A distinctive feature of this mechanism is
the presence of transverse correlations between hadrons only at small rapidity intervals, ∆y ≤ 2,
which follow a Gaussian distribution in ∆y in contrast to the power law suppression of correlations
in the hard mechanism [294]. Another suggestion is to use proton - nucleus scattering to distinguish
the production of two pairs of mini-jets in a two parton collisions (2→ 4 mechanism) from produc-
tion of four mini-jets in two binary collisions 4→ 4 mechanism)[295]. The procedure is based on the
centrality dependence of two mechanisms – the production rate in the 2→ 4 mechanism grows lin-
early with the nuclear thickness, while in the 4→ 4 mechanism it is quadratic in the thickness [295].

B. Forward direct photon measurements

Prompt photons provide a direct access to the parton kinematics, since they couple to quarks,
and unlike hadrons are not affected by final state effects. At leading order (LO), the photon is pro-
duced directly at the parton interaction vertex without fragmentation. At LHC collision energies,
the quark-gluon Compton cross section is significantly larger than quark-anti-quark annihilation.
At next-to-leading order (NLO) or higher order, photons may also be produced by bremsstrahlung
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or fragmentation of one of the outgoing partons. However, fragmentation photons are accompanied
by hadronic fragmentation products and the contribution of this process can be largely suppressed
by application of isolation cuts. Isolation cuts ensure that the remaining particle production pro-
cess is dominantly from Compton scattering, where the measured photon is directly sensitive to
the gluon PDF [296].

In this paragraph, we will focus on direct photon measurements at forward rapidities, as enabled
by the LHCb experiment [297, 298] and the planned forward calorimeter (FoCal) upgrade of AL-
ICE [299]. LHCb is a single-arm spectrometer equipped with tracking and particle-identification
detectors as well as calorimeters with a forward angular coverage of about 2 < η < 5. The FoCal
is a calorimeter at 3.4 < η < 5.8 consisting out of a high-granularity, compact silicon-tungsten
(Si+W) sampling electromagnetic part with longitudinal segmentation and a conventional high
granularity metal/scintillating hadronic part providing good hadronic resolution and compensation.

In fact, measurements of isolated photon spectra at forward rapidities at the LHC, are sensitive
to the gluon density at small Bjorken-x of up to about x = 10−5 over a large range of momentum
transfer, Q2. By comparing measurements in p–Pb and pp collisions one can hence extract the
gluon nuclear modification at small x and Q2. The parton structure of protons and nuclei is de-
scribed by momentum distributions at an initial momentum scale, and the scale dependence of the
structure can be calculated with linear QCD evolution equations, such as the DGLAP [9, 12, 13]
and BFKL [3–5, 300] equations. At small x, hadronic structure is expected to evolve non-linearly
due to the presence of high gluon densities, as predicted by the JIMWLK [301] and BK [302]
evolution equations. These non-linear effects should affect multi-parton dynamics, resulting in
phenomena beyond a reduction of inclusive yields, including for instance observable effects in co-
incidence measurements. Measurements of photon–jet correlations will allow to study this effect
quantitatively by constraining the parton kinematics as precisely as possible in hadron interactions.

To illustrate the expected performance of future forward isolated photon measurements, the
expected uncertainties of the gluon PDFs for the nNNPDF fit using either pseudo-data for the
EIC (starting from nNNPDF1.0) [304] or the FoCal above 4 GeV/c based on nNNPDF2.0 [303],
are presented in the left panel of Fig. 13. As expected, the higher-energy option of the EIC (which
will be realized by eRHIC at BNL) will constrain the gluon PDF for x down to about 5 · 10−3,
while isolated photon measurements provided by the FoCal would lead to significantly improved
uncertainties even significantly below 10−4. We also note that the uncertainty on the nNNPDF2.0
parametrisation is already smaller than the EIC band. The fit to EIC pseudo data from the
nNNPDF group gives a qualitatively similar result to an earlier study based on modified EPPS16
nuclear PDFs [305], although the uncertainty estimates at small x where there is no direct con-
straint from the pseudo data differ. Clearly, the FoCal measurements will probe much smaller x
than the existing and possible future EIC measurements, and lead to high precision results due to
the excellent direct photon performance. However, in case of the EIC, unlike at a hadron collider,
the initial state is precisely known, and one can map x and Q2, independently, and measure not only
longitudinal but generalized parton (GPDs) and transverse-momentum (TMDs) distributions [118].
Furthermore, the EIC will allow us to scan the A (nucleus) dependence using several nuclear beams.

So far, it was assumed in the re-weighting process that the central value of the FoCal measure-
ment of the isolated photon RpPb would be the same as the central value of the initial baseline
prediction. Instead in the right panel of Fig. 13, we show the effect of the FoCal pseudo-data
for a value of RpPb shifted to about 0.7. In this case, the FoCal data would add a significant
amount of new information to the global fit, leading to a deviation of Rg from the expected value
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FIG. 13: The nuclear modification of the gluon distribution, Rg, for the Pb nucleus versus x at
Q2 = 10 GeV2/c2. (Left) Compared are the nNNPDF2.0 parameterization [303] and fits to the
FoCal pseudo-data above 4 GeV/c (red band), as well as “high energy” EIC pseudo-data (green
band; starting from the nNNDPF1.0 parametrization) [304]. In all cases, 90% confidence-level
uncertainty bands are drawn, and the nuclear PDFs are normalized by the proton NNPDF3.1.

(Right) Comparison of the original and the reweighted nNNPDF2.0 fits, where the FoCal
pseudo-data were shifted by about 0.7 [303].

in almost the entire range of 10−5 < x < 10−2. Therefore, this analysis indicates that FoCal
measurements could be sensitive either to the gluon shadowing effects or to possible non-linear
QCD dynamics. To disentangle one from the other, a dedicated analysis of the χ2 in global pdf fits
and the nPDF behavior in the small-x region would be required, following the approach of Ref. [162].

Significant suppression of Rg arises also from forward charm measurements [306] when they are
included in the determination of nuclear PDFs as recently done [307]. In this case, comparing
precise forward photon and charm measurements will allow us to test factorization and universality
of the nuclear PDFs.

C. Top quark pair production as a tool to probe Quark-Gluon -Plasma formation

Past Deep-inelastic-scattering (DIS) experiments provided accurate information on the partonic
structure of the free proton. Notwithstanding the phenomenological success of Quantum Chro-
modynamics (QCD) analyses, a detailed understanding of the partonic structure modifications
in bound nuclei is still lacking. Compared to the parton distribution functions (PDFs) in the
proton, nuclear PDFs (nPDFs) are less constrained mainly because of the lack of data across
the momentum fraction x–squared momentum transfer Q2 plane and nuclear mass number range.
The scheduled proton-lead (pPb) and lead-lead (PbPb) LHC Runs 3–4 at the LHC provide the
opportunity to precisely constrain the nPDFs for the lead nucleus. This is demonstrated in Fig. 14,
where a simple projected scenario of the existing CMS measurement [308] is assumed, consider-
ing improvements in the statistical and currently dominant systematic uncertainties, respectively.
There is even a complementarity between the physics programs at LHC and the planned Electron
Ion Collider, allowing for stringent tests of the nPDF universality too. Top quark production
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FIG. 14: Comparison of inclusive top quark pair production cross sections measured at LHC Run
2 [308] and projected at HL-LHC with either lead-lead or argon-argon collisions. Vertical lines

and bands represent Quantum Chromodynamics predictions at next-to-next-to-leading order with
soft-gluon resummation at next-to-next-to-leading logarithmic accuracy [309, 310], with nuclear

modification effects and their uncertainties, respectively, as parametrized by the nCTEQ15
bound-nucleon distribution functions [311]. The shown cross section values are their

nucleon-nucleon equivalent.

(inclusively or differentially) in pPb and PbPb collisions has been suggested as a valuable probe of
the high-x∼10−2–10−1 gluon distribution at very high Q2 in the Pb ions [312].

One powerful probe of the quark-gluon plasma (QGP) is “jet quenching”, i.e., the study of
jet modifications while passing through the QGP. Processes used so far, e.g., dijet or Z/γ+jet
production, are only sensitive to the properties of the QGP integrated over its lifetime. Hadronically
decaying W bosons can provide key novel insights into the time structure of the QGP when studied
in events with a top-antitop quark pair [313] thanks to a “time delay” between the moment of the
collision and that when the W boson decay products start interacting with the QGP. Although
there seems to exist limited potential to bring the first information on the time structure of the
QGP considering the baseline LHC scenario of Runs 3–4, lighter ions are potentially promising
candidates despite their expected smaller quenching effects. Because of the potential for order-of-
magnitudes higher effective integrated nucleon-nucleon luminosities, in this paragraph we advocate
on the usage of an “optimal” nucleus-nucleus colliding system at HL-LHC. Such an example for
the inclusive top quark pair production cross section is also shown in Fig. 14, considering the
expected luminosity increase for the case of argon-argon collisions [314]. Substantially increased
LHC partonic and photon-photon luminosities at HL-LHC (or future higher energy colliders) could
be also achieved via isoscalar beams, even opening up opportunities for studies not accessible with
high-pileup collisions [315]. The high-luminosity collisions of isoscalar nuclei could provide a new
environment to study the QGP and complement the QGP studies in the low-luminosity collisions
of heavy nuclei.
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V. ULTRA-PERIPHERAL COLLISIONS AT HADRONIC COLLIDERS AND
EXCLUSIVE REACTIONS AT THE EIC

Main Contributors: Marco A. Alcazar Peredo, J. Guillermo Contreras, Martin Hentschinski,
Spencer Klein, Daniel Tapia Takaki

A. Existing measurements on diffractive vector meson photoproduction in UPCs

Photons are clean probes of the QCD structure of nuclear targets [316, 317]. At hadron colliders,
like RHIC and the LHC, photoproduction processes can be studied in ultra-peripheral collisions
(UPCs), where the incoming particles pass each other at impact parameters larger than the sum of
their radii, such that strong interactions are suppressed and photon-induced processes are dominant.
For a recent review, see [318].

The most measured process, but not the only one, in UPCs is the diffractive production of
vector mesons. Photons fluctuate to virtual qq pairs which then scatter elastically from nuclear
targets, emerging as real vector mesons. They are copiously produced. Their decays into few
charged particles provide clean experimental signatures that can be used to trigger and select the
corresponding events. In the theoretical side, the different vector meson masses allow us to study
QCD at different scales: the production of a ρ0 serves to investigate the approach to the black-disc
limit of QCD, while that of a J/ψ sheds light into aspects of perturbative QCD at high energies
like saturation [319] and shadowing [320]. Additionally, in a Good-Walker approach [321, 322],
coherent and incoherent processes where the photon interacts with the full target or just with a
piece of it, respectively, give access to the average behaviour of the gluonic field (coherent) or to
the variance of its quantum fluctuations (incoherent). Figure 15 shows the x and Q2 ranges covered
by UPCs at the LHC.

The coherent photoproduction of ρ0 vector mesons off nuclear targets has been extensively
studied in UPCs. The STAR Collaboration at RHIC has published measurements in Au–Au UPCs
at different centre-of-mass energies per nucleon pair,

√
sNN: 62.4 GeV [323], 130 GeV [324], and 200

GeV [325]. At the LHC, the ALICE Collaboration has carried out measurement at 2.76 TeV [326]
and 5.02 TeV [327] in Pb–Pb UPCs and at 5.55 TeV in Xe–Xe UPCs [328]. The measured ρ
cross-section is seen to scale nearly linearly with the atomic number, with ALICE finding a best fit
σ ∝ A0.96±0.02. The cross-section is smaller than is expected from a Glauber calculation (even in-
cluding generalized vector meson dominance), but is consistent with a Glauber-Gribov calculation
[329]. The latter approach includes for high-mass intermediate state fluctuations. These topics can
be further studied by examining excited meson states.

The STAR Collaboration [330] also observed the coherent production of four charged pions [330]
which could be related to an excited state of the ρ0 vector meson but at a perturbative scale. De-
termining the cross-section is not possible without making assumptions about the branching ratios,
but the rate seems consistent with the expectations of generalized vector meson dominance [331].
Both collaborations also observed an intriguing signal of an state in coherent di-pion production
at a mass around 1.7 GeV/c2 which could be related to another ρ0 excited state [327, 332].

All these studies were performed at mid-rapidity in the corresponding laboratory frame. The
availability of data for all these systems and energies provides an exacting challenge to theoretical
descriptions of this process, whose cross section has been described more or less successfully using
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FIG. 15: The kinematic range in which UPCs at the LHC can probe gluons in protons and nuclei
in quarkonium production, dijet and di-hadron production. The Q value for typical gluon

virtuality in exclusive quarkonium photoproduction is shown for J/Ψ and Υ. The transverse
momentum of the jet or leading pion sets the scale for dijet and ππ production respectively. For

comparison, the kinematic ranges for J/Ψ at RHIC, FA2 and σAL at eRHIC and Z0

hadro-production at the LHC are also shown. Figure taken from [317]

a variety of approaches; e.g. [333–335]. In addition, there are at least three specific measurements
to highlight: (i) The observation of interference effects originated in the fact that each of the
two incoming projectiles can act either as a source of the photon or as a target of the interac-
tion [336, 337], (ii) the mapping of the impact-parameter dependence of the target structure for
gold ions obtained as a Fourier transform of the Mandelstam-t dependence of the cross section [325],
and (iii) the dependence on the atomic mass number of this process at a centre-of-mass energy
of the photon–nucleus system of 65 GeV per nucleon obtained from measurements off Pb [327],
Xe [328], and protons [338], where a clear indication of strong shadowing was found along with the
observation that the black-disc limit of QCD has not been yet reached.

Regarding the diffractive photoproduction of J/ψ the main results from UPCs have been ob-
tained at the LHC [339] after a first proof-of-principle measurement at RHIC [340]. Coherent
production has been investigated by the ALICE Collaboration in two ranges of rapidity, central
and forward, and two different energies

√
sNN = 2.76 TeV and 5.02 TeV [341–345]. The CMS

Collaboration published a cross section at semi-central rapidities [346] at
√
sNN = 2.76 TeV, and

recently the LHCb Collaboration presented results
√
sNN = 5.02 TeV covering forward rapidi-

ties [347]. Together, these measurements allow for the study of the rapidity dependence of J/ψ
diffractive photoproduction in a large kinematic range which corresponds to three orders of magni-
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tude in Bjorken x from 10−2 to 10−5. These results provide new constraints on the evolution of the
nuclear gluon distribution at large energies, see e.g. [348, 349]. In particular, the results from [345]
provide a look at the transverse structure of Pb nuclei at the Bjorken-x range (0.3 − 1.4) × 10−3

which are the first step towards the mapping of the gluon distribution in impact parameter at a
perturbative scale. A proof-of-principle measurement for incoherent production has been has been
performed by the ALICE Collaboration in Pb–Pb UPCs at

√
sNN = 2.76 TeV [342].

The coherent production of ψ′ has also been measured by the ALICE Collaboration [344, 350];
this state is interesting to understand the spin structure of the interaction, in particular to constraint
the modelling of the wave function of the vector meson (see e.g. [351]), which is a non-perturbative
component of all theoretical predictions. Finally, the CMS collaboration has made an initial mea-
surement of Υ photoproduction in pA collisions [352]. Another interesting related result is the
measurement of coherent J/ψ photoproduction in peripheral collisions, that is with a geometri-
cal overlap of the colliding nuclei, that have been performed by the ALICE Collaboration in the
Pb–Pb system [353] and by the STAR Collaboration in the Au–Au and UU systems [354]. These
measurements open up interesting questions on the meaning of coherence in these quantum pro-
cesses and the possibility to study new effects, e.g. the interaction of the J/ψ with the quark-gluon
plasma created in such collisions [355–357]; they also offer a tool to study the energy dependence
of J/ψ production by offering a measurement in a different impact-parameter range than those in
UPCs [358].

B. Future measurements on diffractive vector meson photoproduction in UPCs

In the near future the Run 3 and 4 of the LHC will provide an enormous data set of UPCs;
see e.g. Table 12 of [314]. In the middle term, the Electron Ion Collider will be the experimental
facility to study the QCD structure of nuclei, including diffractive vector meson production [117].

One of the key measurements to be performed with the new LHC data set is the Bjorken-x
evolution of coherent diffractive vector meson production for as many different mesons—that is,
mass scales—as possible. To achieve this, the two contributions to the nucleus–nucleus cross section,
one with a high-, the other with a low-energy photon have to be disentangled. In principle, this
requires to perform a given measurement at a fix rapidity, but different impact-parameter ranges.
There are two proposals on how to do this: using UPCs in conjunction with the peripheral collisions
mentioned above [358], and using events where in addition to the photon exchange producing the
vector meson, there is an extra nuclear dissociation process that acts as a selector of a different
impact-parameter range [359, 360]. Measurements of coherent ρ0 production at mid-rapidity in
Pb–Pb [327] and Xe–Xe [328] UPCs accompanied by neutrons at beam rapidities, product of the
nuclear dissociation, are correctly described by the NOON model [361] giving us confidence that
the relevant physics is understood (at the current precision of the data) and paving the way to the
application of this method.

Another eagerly awaited measurement is the dependence on Mandelstam-t of the incoherent
production of vector mesons at a given rapidity. This process is sensitive to quantum fluctuations
at the sub-nucleon scale [362]. Model predictions, e.g. [363, 364], expect a one order of magnitude
increase of the cross section at |t| ∼ 1 GeV2 when the sub-nuclear quantum fluctuations are taken
into account with respect to the case where the relevant degrees of freedoms are the nucleons. Such
a measurement will be feasible at the LHC in the near future.

Another interesting measurement to be performed at the LHC is the study of the angular
correlations of the decay products of the vector meson. Both the quasi-real photons and the gluons
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participating in the interaction are linearly polarised. This, and the presence of the interference
effects mentioned above produce new angular correlations with a particular dependence on the
transverse momentum of the vector meson. These observables are a complement to the traditional
polarisation measurements and are also sensitive to the QCD structure of the target. See e.g. [365–
367].

At least two other techniques can be used to measure gluon distributions using UPCs: dijets and
open charm. These measurements are theoretically cleaner than vector mesons, since they involve
only single-gluon exchange, so the uncertainties involving color neutralization are much smaller.
But, the final states are more complicated, and since there is a color string connecting the mid-
rapidity state and the target nucleon remnants, the reaction cannot be fully exclusive. The ATLAS
collaboration has already made the first preliminary measurements of dijet photoproduction [368].
ATLAS explored the region where the leading jet had pT > 20 GeV, and dijet mass above 35 GeV,
giving them a reach down to x ≈ 3 × 10−3. Charm photoproduction is an attractive alternative
approach to reach down to lower x values, since it should be possible to measure charm down to
threshold, Mcc ≈ 4 GeV. The rates for charm are high [369–371], and, at the LHC, open bb and
potentially, with pA collisions or lighter ions, tt [372].

C. The ratio of Ψ(2s) and J/Ψ photoproduction cross-sections as a tool to quantify
non-linear QCD evolution

Exclusive photoproduction of charmonium at the Large Hadron Colllider (LHC) provides an
excellent testing ground for the description of the low x gluon distribution, since it allows for a direct
observation of the energy dependence of the photoproduction cross-section which directly translates
into the x-dependence of the underlying gluon distribution. photoproduction of bound states of
charm quarks, i.e. J/Ψ and Ψ(2s) vector mesons, are of particular interest, since the charm mass
provides a hard scale at the border between soft and hard physics and the observable is therefore
expected to be particularly sensitive to the possible presence of a semi-hard scale associated with
the transition to the saturation region, the so-called saturation scale. It is therefore ideal to search
for potential deviations from linear QCD evolution.

Studies in the literature for this process, which take into account effects due to gluon saturation,
exist both on the level of dipole models [364, 373–378] and complete solutions to non-linear BK
equation [379–381]. At the same time also descriptions on collinear factorization [382–386] and
linear NLO BFKL evolution [137, 381], provide an excellent description of data, see also the dis-
cussion in [139, 381]. It is therefore not entirely clear, which is the appropriate description of data.
While at first one might conclude that center of mass energies are simply not yet high enough to
see the onset of non-linear effects, there are also indications that at least some linear frameworks
turn unstably at highest center of mass energies available at LHC [381].

A similar conclusion has been drawn in [139], where it has been found that the energy de-
pendence of the J/Ψ and Ψ(2s) cross-section is not able to distinguish between the non-linear
(Kutak-Sapeta (KS) gluon [387], subject to non-linear Balitsky-Kovchegov (BK) evolution) and
linear (Hentschinski-Salas-Sabio Vera gluon (HSS) [127, 128], subject to linear NLO BFKL evolu-
tion) low x evolution. On the other hand the ratio of both cross-sections was found to reveal a
characteristically different energy dependence for linear and non-linear QCD evolution, see Fig. 16,
left. Leaving large uncertainties associated with fixed scale HSS evolution aside(see [139] for a
detailed discussion), the stabilized ”dipole scale” HSS gluon, subject to linear NLO BFKL evo-
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FIG. 16: Energy dependence of the ratio of Ψ(2s) vs. J/Ψ photoproduction cross-section. We
further display photoproduction data measured at HERA by the H1 collaboration [388], which we

further use to adjust the normalization. Left: Implementation of the KS and HSS gluon
distributions for the Buchmüller-Tye (BT) vector meson wave functions, see [166] for details. The
shaded regions correspond to a variation of the scale M̄ → {M̄/

√
2, M̄

√
2}.Right: Implementation

based on BKG and GBW saturation model and their corresponding linearized versions, using
numerical values found in [389] from a fit to HERA data.

lution predicts a constant ratio of both photoproduction cross-section. The KS gluon, subject to
non-linear BK evolution, predicts on the other hand a rise of the ratio. To understand this behav-
ior better, it is instructive to analyze the the same observable within a simple saturation model.
The latter yields a particular simple form which allows us to gain some intuitive understanding
why linear and non-linear QCD dynamics yield a different prediction for the Ψ(2s) over J/Ψ ratio.
In the high energy limit, the relevant quantity of interest is the imaginary part of the scattering
amplitude,

=mAγp→V p(W 2, t = 0) =

∫
d2r


σqq̄

(
M2
V

W 2
, r

)
Σ

(1)
T (r) +

dσqq̄

(
M2
V

W 2 , r
)

dr
Σ

(2)
T (r)


 , (20)

which encodes the energy dependence related to the low x evolution of inclusive low x evolution.
Here r = |r| the transverse separation of the quark anti-quark pair and the z the photon momentum

fraction and Σ
(1,2)
T describes the transition of a transverse polarized photon into a vector meson V

[390]; see [166] for details. Within this approach the entire energy dependence is contained in the
dipole cross-section σqq̄, which for the Golec-Biernat Wüsthoff saturation model takes the following
simple form [391]

σqq̄(x, r) = σ0

(
1− e−r2Q2

s(x)/4
)

Q2
s(x) = Q2

0(x/x0)λ (21)

where Qs(x) yields within this model the saturation scale, which carries the entire energy depen-
dence; a linearized version of this model, which yields a power-like growth with energy is then
obtained through an expansion of the above expression for small saturation scales,

σlin.
qq̄ (x, r) = σ0r

2Q2
s(x)/4. (22)

Inserting Eq. (22) into Eq. (20), it is immediately clear that the saturation scale – which carries the
essential W dependence – cancels for the ratio of Ψ(2s) and J/Ψ photoproduction cross-sections,
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up to a small logarithmic correction, related to the energy dependence of the diffractive slope of
J/Ψ and Ψ(2s) cross-sections, [166, 390]. While the complete saturation model agrees with the
linear approximation in the region r → 0, they start to disagree for large dipole sizes and it is
this region where the wave-function overlap differs for the production of vector mesons Ψ(2s) and
J/Ψ, due to the presence of the node in the 2s wave function. We further show results due to the
DGLAP improved saturation model, the so-called Bartels Golec-Biernat Kowalski (BGK) model,
which replaces Q2

s(x) → 4παs(µ(r))xg(x, µ(r))/3, where αs(µ) and xg(x, µ) denotes the strong
coupling constant and the collinear gluon distribution respectively, evaluated at an r-dependent
scale µ in the perturbative region. Similar to the HSS gluon, such a dipole size dependent satu-
ration scale prevents an exact cancellation of the energy dependence in the linear approximation.
Nevertheless this merely affects the perturbative region of small dipole sizes r < 1 GeV−1 and
therefore maintains the observed rise of the ratio for the complete saturation versus an approxi-
mately constant ratio for the linear approximation.We therefore suggest to extract from existing
data and future measurements Ψ(2s) and J/Ψ ratio, since the energy behavior of this ratio allows
to draw conclusion on the presence of non-linear QCD dynamics. The feature is both present for
unintegrated gluon distributions, which have been obtain from a numerical solution to linear and
non-linear QCD evolution, fitted to DIS data, as well as for analytic dipole models, where the
distinction of linear and non-linear realization is somehow easier. While there exist LHCb data
for the energy dependence of the J/Ψ and Ψ(2s) photoproduction cross-section, extracted from
pp collisions [392] (see also [344] for PbPb data), there exist only H1 data for the energy depen-
dence of the ratio of both cross-sections, at relatively low values of W and with still considerable
uncertainties. We believe that an extraction of the ratio from both combined HERA and LHC
data would be highly beneficial to pin down the size of non-linear low x QCD evolution at the LHC.

D. Planned measurements at the Electron Ion Collider

Looking further ahead, in the early 2030s the U. S. Electron Ion Collider (EIC) should provide
high-precision measurements of vector mesons over a wide range of Bjorken−x and Q2; the Q2

of the photon can be measured independently of the rest of the reaction, allowing us to probe
the nucleus using qq dipoles of different lengths [117, 118]. The high center-of-mass energy (up
to about 140 GeV) and high luminosity will allow the EIC to study large samples of light and
heavy mesons (including the three Υ states) [393]. The expected event samples range from about
50 billion ρ0 per year down to about 140,000 Υ(1S) per year. It will also be able to study exotic
states (including the XYZ states) via Reggeon exchange reactions [394, 395]. The high luminosity
will allow for precise multi-dimensional studies, including measurements of Generalized Parton
Distributions, measurements out to kinematic extremes (i. e. large |t| etc.) and studies of rarely
produced mesons and decays.

The EIC will take data with a variety of different ions, so will be able to study how low−x
gluons evolve with nuclear size. Light ions will be of special interest. The EIC detectors forward
spectrometers are expected to be able to detect scattered protons and light ions, allowing for a
measurement of |t| even if the scattered electron is not seen or poorly measured. Light ion studies
will allow for the study of neutron targets, and studies with deuterium and other very light ions
will allow for measurements of the nuclear force in relatively simple systems.

The EIC detectors are being designed to be extremely hermetic, so will be able to record
vector mesons over a wide range in Bjorken−x and to accurately separate coherent and incoherent
production over a wide range of |t| [118]; this is necessary to fully apply the Good-Walker paradigm.
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The large event samples and precision detectors will allow for precise studies of the variation in
gluon density and transverse position within the target. And, the inclusion of relatively precise
calorimetry that is sensitive down to low energies will allow us to study final states that include γ
and π0, allowing for the study of a wider range of mesons.
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FIG. 17: Left: pp̄ elastic cross section as a function of |t| at 1.96 TeV from the D0 collaboration
at the Tevatron. Right: pp elastic cross sections as a function of |t| at 2.76, 7, 8, and 13 TeV from

the TOTEM collaboration at the LHC (full circles), and extrapolation to the Tevatron
center-of-mass energy at 1.96 TeV (empty circles).

VI. ODDERON DISCOVERY AND DIFFRACTIVE JETS

Main contributor: Christophe Royon

In this section we provide some details on the recent discovery of the Odderon as well as inclusive
diffractive measurements and explorations of the soft Pomeron structure.

A. Soft diffraction and the Odderon discovery by the D0 and TOTEM experiments

Soft diffraction and elastic interactions have been studied for the last 50 years at different
colliders. Elastic pp and pp̄ scattering at high energies of the Tevatron and the LHC for instance
corresponds to the pp → pp and pp̄ → pp̄ interactions where the protons and antiprotons are
intact after interaction and scattered at very small angle, and nothing else is produced. In order to
measure these events, it is necessary to detect the intact protons/antiprotons after interactions in
dedicated detectors called roman pots and to veto on any additional activity in the main detector.

Many experiments have been looking for evidence of the existence of the Odderon [396, 397] in
the last 50 years, and one may wonder why the Odderon has been so elusive. At ISR energies, at
about a center-of-mass energy of 52.8 GeV [398–402], there was already some indication of a possible
difference between pp and pp̄ interactions. Differences are about 3σ but this was not considered
to be a clean proof of the Odderon. This is due to the fact that elastic scattering at low energies
can be due to exchanges of additional particles to Pomeron and Odderon, namely ρ, ω, φ mesons
and Reggeons. It is not easy to distinguish between all these possible exchanges, and it becomes
quickly model dependent. This is why the observed difference at 52.8 GeV was estimated to be due
to ω exchanges and not to the existence of the Odderon. The advantage of being at higher energies
(1.96 TeV for the Tevatron and 2.76, 7, 8 and 13 TeV at the LHC [403–407] is that meson and
Reggeon exchanges can be neglected. It means that a possible observation of differences between
pp and pp̄ elastic interactions at high energies would be a clear signal of the Odderon. The D0 and
TOTEM elastic dσ/dt data are shown in Fig. 17. The difficulty to compare between pp and pp̄
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FIG. 18: Comparison between the D0 pp̄ measurement at 1.96 TeV and the extrapolated TOTEM
pp cross section, re-scaled to match the OP of the D0 measurement. The dashed lines show the

1σ uncertainty band on the extrapolated pp cross section.

elastic scatterings is that one has to extrapolate the pp measurements from TOTEM to Tevatron
center-of-mass energies [408].

The comparison between the pp̄ elastic dσ/dt measurement by the D0 collaboration and the
extrapolation of the TOTEM pp elastic dσ/dt measurements is shown in Fig. 18, including the 1σ
uncertainty band as a red dashed line [408]. The comparison is only made in the common t domain
for both pp and pp̄ measurements and show some differences in the dip and bump region between
|t| of 0.55 and 0.85 GeV2. Given the constraints on the optical point normalization and logarithmic
slopes of the elastic cross sections, the χ2 test leads to a significance of 3.4σ. Combining this result
with previous measurements of TOTEM of ρ [409] and the total cross section, the significance ranges
from 5.3 to 5.7σ (depending on the model). Models without colorless C-odd gluonic compound or
the Odderon are excluded by more than 5σ.

Further measurements of elastic pp cross sections will happen at higher LHC energies (such as
13.6 and 14 TeV) and the Odderon production will be performed in additional channels, such as
the production of ω mesons. It is also clear that the discovery of the Odderon is likely related to
the existence of glueballs, and the search for their production will happen at the LHC, RHIC and
the EIC.

B. Inclusive diffraction measurements at the LHC and sensitivity to the Pomeron structure

Hard diffraction correspond to events when at least one proton is intact after interaction at the
LHC and correspond to the exchange of a colorless object called the Pomeron. Many measurements
at the LHC can constrain the Pomeron structure in terms of quarks and gluons that has been
derived from QCD fits at HERA and at the Tevatron. All the studies have been performed using
the Forward Physics Monte Carlo (FPMC), a generator that has been designed to study forward
physics, especially at the LHC [410, 411].

One can first probe if the Pomeron is universal between ep and pp colliders, or in other words,
if we are sensitive to the same object at HERA and the LHC. Tagging both diffractive protons
in ATLAS and CMS allows to probe the QCD evolution of the gluon and quark densities in the



40

FIG. 19: Inclusive diffractive diagrams. From left to right: jet production and γ+jet production
in in inclusive double Pomeron exchange, as well as jet gap jet events involving double Pomeron

exchange

Pomeron and to compare with the HERA measurements. In addition, it is possible to assess the
gluon and quark densities using the dijet and γ+jet productions [412–415]. The different diagrams
of the processes that can be studied at the LHC are shown in Fig. 1, namely double Pomeron
exchange (DPE) production of dijets (left), of γ+jet (middle), sensitive respectively to the gluon
and quark contents of the Pomeron, and the jet gap jet events (right).

The measurement of the dijet cross section is directly sensitive to the gluon density in the
Pomeron and the γ+jet and W asymmetry measurements [415] are sensitive to the quark densities
in the Pomeron. However, diffractive measurements are also sensitive to the survival probability
which needs to be disentangled from PDF effects, and many different measurements will be needed
to distinguish between them.

It is clear that understanding better diffraction and probing different models will be one of the
key studies to be performed at the high luminosity LHC, the EIC and any future hadron collider.
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VII. ELECTROWEAK AND BEYOND THE STANDARD MODEL PHYSICS

Main Contributors: Cristian Baldenegro, Andrea Bellora,Victor Paulo Gonçalves, Sylvain
Fichet, Gero von Gersdorff, Valery Khoze, Michael Pitt, Christophe Royon, Gustavo Gil da
Silveira, Marek Tasevsky

While the bulk of this white paper focuses on aspects related to strong interactions in the limit
of high energies and densities, there exists also an increased interest in the study of electroweak
processes, which rely on dedicated forward detectors for their analysis and which are capable to
contribute to searches for new physics at LHC.

A. Precision Proton Spectrometer (PPS) and ATLAS Forward Proton detector (AFP) at
high luminosity

1. Introduction

The CERN’s Large Hadron Collider (LHC) will be restarting its operation this year at a record-
breaking energy of

√
s = 13.6 TeV. The physics run is expected to last until the end of 2025,

collecting integrated luminosity of about 300 fb−1. LHC will undergo a major upgrade following
the four-year physics run, increasing its instantaneous luminosity by a factor of 5–10 larger than
the nominal LHC nominal value. The High Luminosity LHC (HL-LHC) is expected to collect data
corresponding to an integrated luminosity of a few ab−1, and measure the rarest processes of the
Standard Model (SM).

Central Exclusive Production (CEP) is a unique process where an object X is produced via
t-channel exchange of colorless objects, photon (γ) for electromagnetic or pomeron (IP) for strong
interactions, pp → p ⊕ X ⊕ p, where ⊕ stands for an absence of additional interaction between
the final states. When final state particles are produced with high invariant mass, the dominant
production mechanism is via photon exchange [416], in which the LHC can be considered a photon
collider. Figure 20 shows a comparison between pomeron-pomeron (IP − IP) and photon-photon
(γ − γ) initiated processes for production cross-section of central exclusive bb̄ and γγ events as a
function of a mass, which shows the enhancement of the photon-photon scattering at high masses.

In CEP, interacting protons often emerge intact but lose a fraction of momentum and are
scattered at small angles. The LHC accelerator magnets can be seen as longitudinal momentum
spectrometers. The protons are deflected away from the proton bunch and can be measured by
near-beam detectors installed downstream the LHC beamline, hundreds of meters from the inter-
action point. Such detectors, installed in movable vessels (Roman Pots) with tracking and timing
capabilities, were brought online during Run 2 in 2016 by the ATLAS and CMS collaborations and
were operated in standard runs.

2. Near-beam proton spectrometers in LHC Runs 2 and 3

The Precision Proton Spectrometer (PPS) [418], is a CMS sub-detector installed in 2016, ∼210
meter from the interaction point. Initially called CT-PPS (started as CMS and TOTEM project),
the PPS apparatus is equipped with tracking and timing detectors. It collected more than 100
pb−1 of integrated luminosity during LHC Run 2 and will continue to be operational with some
upgrades and optimizations during LHC Run 3. During Run 2, PPS tracking detectors measured
protons that have lost approximately between 2.5% to 15% of their initial momentum, resulting
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FIG. 20: Integrated cross sections of different exclusive processes with intact protons at√
s =14 TeV, plotted as a function of the required minimum central system mass. Taken from Ref

[417].

in mass acceptance between 350 GeV to 2 TeV [419]. The data collected with PPS during 2016,
with an integrated luminosity of 10 fb−1, led to the first measurement of central exclusive di-lepton
production [420], and the first search for the high mass exclusive production of photon pairs [421],
both using tagged protons. Next, using 2017 data and integrated luminosity of ∼30 fb−1 a search
for the exclusive production of pair of top quarks and a search for new physics in the missing mass
spectrum in pp → p ⊕ Z/γ + X ⊕ p events were performed [422, 423]. Finally, searches for the
exclusive production of di-bosons using the full Run 2 dataset were published as well [424].

The ATLAS Forward Proton detector (AFP) [425], comprises two Roman Pot stations on each
side from the interaction point with four planes of silicon pixel sensors to measure proton tracks.
The far stations are additionally equipped with time-of-flight (ToF) detectors. During Run 2, ToF
detectors demonstrated 20-40 ps resolution but suboptimal efficiency. AFP recorded ∼30 fb−1 of
integrated luminosity during Run 2, and this data was used to report on the exclusive di-lepton
production [426].

3. Physics perspectives at HL – LHC

For the HL-LHC (LHC Run 4), the accelerator will be rearranged, and the current forward
detectors will be dismounted. While the new detector design of forward proton spectrometers is
currently under development (for example [417]), the physics perspectives are presented in the
following section. Two scenarios are under consideration:

• Station located in a “warm” region - comprise a few stations ∼ 200 m from the interaction point,
and which are suitable for the Roman Pot technology (ATLAS and CMS)

• Station located at 420 m in a ‘cold” region - which requires a bypass cryostat and a mov-
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able detector vessel approaching the beam from between the two beam pipes, for which new
developments are needed (CMS),

While QCD-induced processes are typically dominant at low masses, the photon-photon scattering
is enhanced at high masses (Fig. 20). Fiducial cross sections for different standard model processes
at
√
s = 14 TeV for IP − IP and γ − γ production modes are shown in Table II for different CMS

PPS acceptance scenarios in HL-LHC [417].

Process
fiducial cross section [fb]
all stations w/o 420
IP− IP γ − γ IP− IP γ − γ

jj O
(
106
)

60 O
(
104
)

2
W+W− — 37 — 15
µµ — 46 — 1.3
tt̄ — 0.15 — 0.1
H 0.6 0.07 0 0
γγ — 0.02 — 0.003

TABLE II: Fiducial cross sections of CEP of standard model processes in pp collisions at√
s = 14 TeV. Two scenarios for proton tagging acceptance are shown: with and without the

stations at ±420 m. (more details in [417])

Physics w/o 420 meter station:
Standard model γγ → `+`− production is an important channel for both calibration and valida-

tion of the proton reconstruction, and to measure ElectroWeak contribution to Drell–Yan processes.
In addition the γγ → τ+τ− channel is of particular interest as it is sensitive to the anomalous
magnetic moment (or “g − 2”) of the τ lepton . For diboson production, γγ → W+W− (with
W+W− → µ+e−νµν̄e) is a particularly clean channel. The configuration of stations considered here
would substantially increase the acceptance for 2-arm events, allowing a significant measurement of
the SM cross section in the µ+e− final state, which will serve as a benchmark for diboson searches
in other channels and at higher masses, which provides a good means to test the interactions of
photons and W bosons at high energies, and to search for Anomalous Quartic Gauge Couplings
(AQGC) or other nonresonant signals of BSM physics.

A wide variety of BSM scenarios involving γγ production with forward protons have been
explored in the theoretical literature (e.g [427]). For exclusive production with intact protons,
only spin-one resonances and any spin-odd states with negative parity are forbidden in γγ interac-
tions [428, 429]. This type of search is particularly interesting for resonances with large couplings
to photons but not to gluons, which may appear in the γγ → X → γγ channel [430–434]. It
was shown that the expected sensitivity for axion-like particles (ALP) in CEP is expected to be
competitive and complementary to other collider searches for masses above 600 GeV [434]. Con-
versely, if a resonance is detected via decays to two photons, measuring the cross section with
forward protons will help constrain its couplings to photons in a model-independent way [433].
The use of forward protons was recently been revisited as a possible means to improve searches
for pair production of supersymmetric sleptons or charginos in compressed mass scenarios [435, 436].

Physics including the 420 meter station:
Central exclusive Higgs boson production has been extensively studied theoretically and in sim-

ulations (including the original detailed studies of the FP420 project [437]). In this case, unlike
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higher-mass and weakly coupled final states, gluon-gluon production is expected to dominate over
γγ production. The cross section for CEP Higgs production in the SM has been evaluated by
several groups, and the total cross section ranging between a few fb and a few tenths of a fb,
depending on details of the survival probabilities, parton distribution functions (PDFs), Sudakov
factors and other assumptions of the calculations. A measurement of CEP dijets at the same energy
and mass range would therefore remove most of the remaining theoretical uncertainties in the Higgs
cross section predictions. For the 125.4 GeV Higgs boson production, protons could be detected in
the 420 m stations on both arms, and in the combination of the 234 m and 420 m stations, while
the associated production with W+W− vector-boson pair has the potential for probing the Higgs
sector in CEP events in the absence of the ±420 m stations. Although the exclusive production
cross section is estimated to be σ ≈ 0.04 fb at tree-level, a high acceptance is expected because of
the large invariant mass of the central system.

As discussed in [438, 439] the experiments with forward proton spectrometers at the HL-LHC
would open a promising way to perform a search for the QCD instantons, which are a non-trivial
consequence of the vacuum structure of the non-abelian theories (for a recent review and references
see e.g. [440]). Instantons describe quantum tunneling between different vacuum sectors of the
QCD and are arguably the best motivated yet experimentally unobserved nonperturbative effects
predicted by the Standard Model. It is shown in [439] that for an instanton mass Minst ≥ 50
GeV the expected central production cross sections for the instanton-induced processes are of
the order of picobarns in the pure exclusive case and increase up to hundreds of pb when the
emission of spectator jets is allowed. These signal cross-sections are encouragingly large, and under
favourable background conditions there is a tantalising chance that QCD instanton effects can
either be seen or ruled out. The expected experimental signature for the instanton-induced process
in the central detector is a large multiplicity and transverse energy (

∑
iETi) in relatively small

rapidity interval (δy ' 2−3) and large sphericity S > 0.8 of the event. Note that the mean number
of gluon jets radiated by the instanton is ∼ 1/αs, while the probability of the instanton creation
is ∝ exp(−4π/αs). Therefore to observe the clear signature of the instanton-induced signal it is
most feasible to consider the case of the moderately heavy instantons, Minst ≥ 50− 100 GeV. This
would require measurements with the 420 m stations.

B. Non-elastic contribution in photon-photon physics

The two-photon production of di-leptons has been largely studied at the LHC experiments in the
past year [420, 426, 441–447], investigating elastic interactions at distinct colliding energies. This
exclusive production presents a final state composed by the lepton pair produced at the central
detector, where large rapidity gaps are present between pair and the outgoing protons in the beam
line direction. Such signature differs from the usual QCD production by the absence of particle
(gluon) radiation that populates the detector, largely reducing the possibility of observing this
signature in the data [33]. The interest for di-leptons comes from the fact that they can be used as
luminosity monitors [448, 449], however the production of W boson pairs via they decay channel
into leptons provides a way to investigate evidences of New Physics with the use of effective theories
including anomalous gauge couplings. The signal yields includes both the elastic production – with
two intact outgoing protons in the forward direction – as well as the nonelastic production, with
one or both protons dissociating into a hadronic final state, classified as semi-elastic and inelastic
production, respectively (see e.g. Ref. [450] for more details).
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Figure 21 illustrates the production cases. While the former is easily computed analytically
with the use of photon fluxes [452], the latter is based on parton distribution functions (PDFs)
with QED contribution. The typical production cross section can be expressed in terms of effective
photon luminosities: σi ∝ Lieff × σ̂(γγ → `+`−), where σ̂(γγ → `+`−) is the tree-level cross section

and Lieff is the photon luminosity for each processes:

Fig. 1a: Lel
eff ∝ x1f

el
γ,1(x1;Q2)x2f

el
γ,2(x2;Q2), (23)

Fig. 1b: Lsemi
eff ∝ x1f

inel
γ,1 (x1;Q2)x2f

el
γ,2(x2;Q2) + x1f

el
γ,1(x1;Q2)x2f

inel
γ,2 (x2;Q2), (24)

Fig. 1c: Linel
eff ∝ x1f

inel
γ,1 (x1;Q2)x2f

inel
γ,2 (x2;Q2), (25)

with xi is the momentum fraction of the proton carried by the photon and Q2 is the photon
virtuality. The non-elastic cases made use of photon PDFs based on the DGLAP evolution equations
modified to include the QED parton splitting functions. Considering the different approaches
used in the literature for the elastic and nonelastic contributions, an estimate for the uncertainties
associated for these choices. Figure 22 shows the differential cross section as function of the invariant
mass of muon pairs [451]:

dσi

dMγγ
= 2Mγγ

∫
dY

∂2Lieff
∂M2

γγ∂Y
· σ̂γγ→µ+µ−(M2

γγ = x1x2s), (26)

(27)

The curves correspond to the predictions averaged at Q = 300 GeV among the recent
parametrizations for the photon PDF: LUXqed17 [453], MMHT2015qed [454], and NNPDF31luxQED
[455]. All these parametrizations are based on the approach proposed in Ref. [456] (See also
Ref. [457]). The bands are evaluated as one standard deviation around the averages.

There are Monte Carlo event generators providing predictions for the elastic contribution in the
two-photon di-lepton and WW productions, however the nonelastic contribution is not a common
feature. Given that the curves show similar shapes, it favors the possibility of obtaining a multi-
plicative factor that can be used to re-weight generated event samples to account for the nonelastic
contributions [451]. This prediction can be experimentally tested with forward detectors capable of
observing the intact protons emerging from elastic and semi-elastic collisions, such as CMS Precision
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FIG. 21: Processes of particle production in two-photon interactions in hadronic collisions: (a)
elastic, (b) semi-elastic, and (c) inelastic case [451].
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Proton Spectrometer (PPS) [418] and ATLAS Atlas Forward Proton (AFP) [425]. A multiplicative
factor has been already evaluated in previous CMS analyses [445, 446] in the high-mass region:

F =
Nµµ(data) −NDY

Nelastic

∣∣∣∣
M(µ+µ−)>160 GeV

(28)

where Nµµ(data) is the total number of events passing the selection criteria, NDY the total number
of events identified as coming from the Drell-Yan production process related to events with one or
more extra tracks, and Nelastic is the estimated number of elastic events from theory. In a similar
fashion, theoretical predictions are used to provide a estimate of this ratio like:

F1 =

dσel

dMγγ
+ dσsemi

dMγγ
+ dσinel

dMγγ

dσel

dMγγ

and F2 =

dσel

dMγγ
+ dσsemi

dMγγ

dσel

dMγγ

. (29)

Using the set of parametrizations for the photon PDF, one is able to evaluate these ratios in
the phase-space region accessible by LHC forward detectors. Figure 23 presents the predictions
in the mass range of 300 GeV to 2 TeV including different approaches for the elastic photon flux,
see also [458] for a recent study on these effects for WW production. It shows an uncertainty of
20–40% considering the available parametrizations. A experimental measurement of this observable
would provide new insight on the parametrizations and account for a data-driven result that could
be used in event generators and extend the stringency of limits for anomalous couplings. The
upcoming Run3 of the LHC may provide an unique opportunity to collect enough luminosity for
such measurement, opening new fronts for the investigation of photon interactions and improvement
of the computational tools available in the literature (see e.g. Dark Matter searches [436] or tt̄
production [459, 460], both in the exclusive mode).
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C. Exclusive production of Higgs boson

Central Exclusive Production (CEP) is especially attractive for three reasons: firstly, if the
outgoing protons remain intact and scatter through small angles then, to a very good approximation,
the primary di-gluon system obeys a Jz = 0, C-even, P-even selection rule [461, 462]. Here Jz is
the projection of the total angular momentum along the proton beam axis. This therefore allows a
clean determination of the quantum numbers of any observed resonance. Thus, in principle, only
a few such events are necessary to determine the quantum numbers, since the mere observation
of the process establishes that the exchanged object is in the 0++ state. Secondly, from precise
measurements of the proton momentum losses, ξ1 and ξ2, and from the fact that the process is
exclusive, the mass of the central system can be measured much more precisely than from the
central detector, by the so-called missing mass method [463], M2 = ξ1ξ2s which is independent
of the decay mode. Thirdly in CEP the signal-to-background (S/B) ratios turn out to be close
to unity, if the contribution from pile-up is not considered. This advantageous S/B ratio is due
to the combination of the Jz = 0 selection rule, the potentially excellent mass resolution, and the
simplicity of the event signature in the central detector.

For pp collisions, the dominant contribution is expected to be from exclusive gluon-fusion pro-
duction gg → h for which the cross section predictions are still known with a limited accuracy. A
similar statement applies to photon-fusion production, which is strongly enhanced in PbPb colli-
sions with respect to the pp case, see for instance [464]. While the gg → h is in principle calculable
in perturbative QCD, a non-negligible (but conservative) spread in cross section predictions of 0.5
– 3.0 fb is seen due to such basic ingredients as the parton distribution function (PDF) used and
a limited control over the non-perturbative theory of soft survival factors, S2, for gluon-initiated
processes in this mass range [465] (although these uncertainties cancel in the S/B ratio for many
backgrounds). Existing experimental data from CDF exclusive di–photon [466] or LHCb J/Ψ
pair [467] or quarkonia [468] analyses rather prefer values towards the higher end of the spread (see
discussions in Refs. [469, 470]) nevertheless direct measurements of the exclusive Higgs production
would undoubtedly allow its production rate to be directly constrained (or for example by monitor-
ing rates of CEP dijets or di-photons, since the same PDFs and S2 enter the respective production
cross sections at the same central system mass).

The exclusive production of Higgs boson was a flagship topic of the project FP420 (see e.g.
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the title of the main document, “The FP420 R&D Project: Higgs and New Physics with forward
protons at the LHC” [437]) whose main goal was to install forward proton detectors (FPDs) at
420 m from the interaction point of ATLAS and CMS experiments to detect forward protons coming
from diffractive proton-induced or photon-induced interactions.

Another important feature of forward proton tagging in the case of the Higgs boson is the fact
that it enables the dominant decay modes, namely bb̄, WW (∗), ZZ(∗) and ττ to be observed in
one process. In this way, it may be possible to access the Higgs boson coupling to bottom quarks.
This is challenging in conventional search channels at LHC due to large QCD backgrounds, even
though h → bb̄ is the dominant decay mode for a light SM Higgs boson. The bb̄, WW (∗) and ττ
decay modes were studied in detail and are documented in literature (bb̄ in Refs. [471–478], WW (∗)

in Refs. [471, 473, 477–480] and ττ in Ref. [473, 474] and in an unpublished diploma thesis [481]).
It was the bb̄ mode that was studied in greatest detail — thanks to advantages enumerated above
and also thanks to the most favourable prospects for this decay mode in enhancing the production
cross section in Minimal SuperSymmetric SM (MSSM), the most popular model of BSM of those
days. Prospects for other extensions were outlined in Ref. [482] for NMSSM (Next-to-Minimal
SuperSymmetric SM) and in Ref. [483] for a possible triplet Higgs sector. Results of the above
studies, including SM and BSM Higgs bosons, were reviewed in 2014 in Ref. [484] and can be
summarized in the following way, noting especially the fact that all were performed prior to the
Higgs boson discovery.

Although studies of properties of the Higgs boson with mass close to 125.5 GeV discovered by the
ATLAS [485] and CMS [486] (see for example a global analysis in Ref. [487]) suggest that the Higgs
boson is compatible with the Standard Model, there is still room for models of New Physics, e.g.
at lower or higher masses than 125.5 GeV, and the central exclusive production of the Higgs boson
still represents a powerful tool to complement the standard strategies at LHC. A striking feature
of the CEP Higgs-boson is that this channel provides valuable additional information on the spin
and the coupling structure of Higgs candidates at the LHC. We emphasize that the Jz = 0, C-even,
P-even selection rule of the CEP process enables us to estimate very precisely (and event-by-event)
the quantum numbers of any resonance produced via CEP.

Signal selection and background rejection cuts are based on requiring a match between mea-
surements in the central detector and FPD within assumed subdetector resolutions. In addition,
pile-up backgrounds are suppressed by using Time-of-Flight (ToF) detectors, a natural part of FPD
whose utilization necessitates protons to be tagged on both sides from the interaction point (see a
recent ToF performance study in Ref. [488]). The significances for the CEP Higgs boson decaying
into bb̄, WW or ττ pairs in SM are moderate but 3σ can surely be reached if the analysis tools, ToF
measurement resolution or L1 trigger strategies are improved, among others by knowing the Higgs
boson mass precisely, as discussed in Ref. [484]. For example we can surely expect improvements
in the gluon-jet/b-jet mis-identification probability Pg/b. In the original analyses in Refs. [472–
475, 478] a conservative approach has been followed by taking the maximum of two values available
at that time in ATLAS and CMS. Meanwhile new developments were reported in reducing the
light-quark-b mis-identification probabilities in ATLAS [489] and CMS [490]. Other possibilities to
improve the significances in searching for the SM Higgs in CEP are a possible sub-10 ps resolution
or finer granularity of timing detectors, the use of multivariate techniques or a further fine-tuning
or optimization of the signal selection and background rejection cuts, thanks to the fact that the
mass of the SM-like Higgs boson is already known with a relatively high precision. The known
Higgs boson mass can also greatly facilitate proposals for a dedicated L1 trigger to efficiently save
events with the CEP H → bb̄ candidates. Proposals made in Ref. [491], well before the SM-like
Higgs boson discovery, can thus be further optimized.

Studying properties of Higgs bosons born exclusively with a mass around 125 GeV would require
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building FPDs in the region 420 m from the interaction point. Such a possibility, as a possible up-
grade of FPDs at HL-LHC, is considered by the CMS collaboration (see e.g. Ref. [417]). Equipping
that region of the LHC beam pipe (so called “cold region”) by Roman Pots or Hamburg Beampipe
devices was thoroughly discussed in the framework of the FP420 collaboration and all the know-how
has been then put in the R&D document [437]. The constraints coming from experimental data
exclude the heavy Higgs boson mass region below 400 GeV, although in special MSSM scenarios,
for example Mh125 alignment scenario [492], masses lower than 400 GeV would still be possible,
but for “fine-tuned” points rather than larger areas. Other extreme scenarios that are still possi-
ble are represented by the M125

H scenario [492], in which the light CP-even Higgs is lighter than
125 GeV, and the discovered Higgs boson corresponds to the heavy CP-even MSSM Higgs boson.
The development of the M125

H scenario was triggered by the observation of a local excess of 3σ at
about 96 GeV in the diphoton final state, based on the CMS Run 2 data [493]. First Run 2 results
from ATLAS with 80 fb−1 in the γγ final state (see e.g. Ref [494]) or full Run 2 ATLAS results in
the τ+τ− final state [495] turned out to be weaker, but a full Run 2 analysis of the CMS data is
still awaited.

D. Anomalous quartic couplings with proton tagging

High-energy photon-photon fusion processes can be studied at the CERN LHC in proton-proton
collisions. In comparison to the ultraperipheral heavy-ion collisions, the impact parameter range
is much smaller in pp collisions for photon exchange. The quasi-real photon energy spectrum can
easily reach the TeV scale for 14 TeV pp collisions, although with a much smaller photon flux
since one does not have the same Z4 enhancement factor as in heavy-ion collisions. One of the
main interests for studying photon-fusion processes in proton-proton collisions is its potential for
discovering physics beyond the standard model (BSM). Such prospects for discovering new physics
are complementary to the standard searches at the LHC, which rely on quark- and gluon-initiated
processes.

In a fraction of the quasi-real photon exchange processes, the colliding protons may remain
intact. In these central exclusive production processes, the photon exchange can be modelled within
the equivalent photon approximation, which is based on the parametrization of the electromagnetic
form factors of the proton from elastic photon-proton precision data. Non-perturbative corrections
related to the underlying event activity or QCD initial-state radiation effects are absent in this
case. The survival probability, which quantifies the probability that the protons remain intact after
the photon exchange, has been calculated and measured to be on the order of 70-90% (depends on
the invariant mass of the central system).

The intact protons retain most of the original beam momentum, and are thus deflected at
small angles with respect to the beam line. The magnetic lattice of the LHC can be used to
separate these intact protons from the beam protons that did not collide. Then, these intact
protons can be detected with the Roman pot detectors located at about 200 m with respect to the
interaction point. If these two protons are detected together with a hard, central system at central
pseudorapidities, then all the decay products of the collision have been successfully measured. The
PPS and AFP detectors of CMS and ATLAS have such setups for the detection of protons at the
nominal instantaneous luminosities.

The mass mX and rapidity yX of the central system are directly related to the fractional mo-
mentum loss of the scattered protons ξ1,2 = ∆p1,2/p

beam
1,2 via,
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FIG. 24: Expected bounds at 95% CL on the anomalous quartic coupling for 300 fb−1 and at the
HL-LHC with 3000 fb−1 (no time-of-flight measurement) (left). Expected bounds at 95% CL on
the anomalous couplings at the HL-LHC with time-of-flight measurement with precision of 10 ps

and without time-of-flight measurement (right). Figure extracted from Ref. [498].

mX =
√
ξ1ξ2s yX =

1

2
ln(ξ1/ξ2) (30)

This kinematical correlation is used to suppress the contributions from pileup interactions, which
is the largest source of background for these measurements. The pileup contributions are such that
a hard scale process (e.g., QCD production of a photon pair, jets) is paired with uncorrelated
forward protons from diffractive pileup interactions. The signature would be similar to that of
central exclusive production: two protons and a hard scale system at central rapidities. The cross
section for soft diffractive interactions is large (on the order of 20 mb at 13 TeV). Together with
the high pileup multiplicities at the LHC and at the future HL-LHC, it becomes more important
to control this background. The aforementioned kinematical correlation between the forward and
central system mitigate pileup. Pileup is further mitigated with time-of-flight measurements.

We now discuss a number of examples of new physics searches using proton tagging at the
LHC. The scattering of light-by-light (γγ → γγ) is induced via box diagrams in the SM at the
lowest order in perturbation theory. The experimental signature would be two photons back-to-
back, with no hadronic activity, and two scattered protons. Exotic particles can contribute to
light-by-light scattering via virtual exchanges at high-mass[496, 497]. Generic manifestations of
physics beyond the SM can be modelled within the effective field theory (EFT) formalism, under
the assumption that the invariant mass of the diphoton system is much smaller than the energy scale
where new physics manifests. Among these operators, the pure photon dimension-eight operators
L4γ = ζ4γ

1 FµνF
µνFρσF

ρσ + ζ4γ
2 FµνF

νρFρλF
λµ induce the γγγγ interaction. The quartic photon

couplings have been constrained at the CERN LHC by the CMS Collaboration with values of
|ζ4γ

1 |(|ζ4γ
2 |) < 2.88(6.02) × 10−13 GeV−4 at 95 % CL [421]. At the HL-LHC, these bounds can in

principle be improved down to |ζ1| ≈ 4(8)× 10−14 GeV −4 [498]. Time-of-flight measurements will
be very important to suppress the larger amount of pileup interactions. Projections for HL-LHC
conditions are shown in Fig. 24.

The γγ → γZ scattering process can be probed with proton tagging as well [499]. This process
is induced at the lowest order in perturbation theory via box diagrams of particles charged under
hypercharge, analogous to the SM light-by-light scattering box diagram. In the leptonic decay
channel, the background can be controlled to a similar degree as the one in light-by-light scattering.
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FIG. 25: Expected bounds on the anomalous couplings at 95% CL with 300 fb−1 and 3000 fb−1

at the HL-LHC (no time-of-flight measurement) (left). Expected bounds at 95%CL for timing
precision of δt = 2, 5, 10 ps at the HL-LHC (right). Figure extracted from Ref. [498].

New physics manifestations can be modelled using dimension-eight effective operators LγγγZ =

ζ3γZ
1 FµνFµνF

ρσZρσ + ζ3γZ
2 FµνF̃µνF

ρσZ̃ρσ. The quartic ζ1, ζ2 couplings can be constrained down
to ≈ 2 × 10−13 GeV−4 in Run-3 conditions [499]. This constrain surpasses projections based on
measurements of the branching fraction of the rare Z → γγγ decay at the HL-LHC by about two
orders of magnitude. The channel is experimentally very clean (an isolated photon recoiling back-
to-back against a reconstructed Z boson with no soft hadronic activity associated to the primary
vertex). Competitive limits can already be extracted with existing data collected by ATLAS and
CMS. At the future HL-LHC, the search can be expanded by considering boosted topologies of
the Z boson. This could help populate the region of phase-space at large γZ invariant masses,
complementing the reach with the (cleaner) fully leptonic decay channel. Projections for the HL-
LHC conditions are shown in Fig. 25.

Another process of interest is the electroweak gauge boson scattering γγ → W+W−. Unlike
the two previous instances, the γγ → W+W− process is induced at tree-level in the SM via
the triple γWW and quartic couplings γγWW in the electroweak sector [501]. The process has
been observed already by the ATLAS Collaboration without the use of proton tagging by focusing
on the purely leptonic decay channel [502]. However, in order to probe a region of phase-space
that is sensitive to modifications of the SM interactions (high-mass modifications specifically), the
proton tagging technique is necessary [500]. At high diboson invariant masses and high boson
pT , boosted topologies are kinematically favorable. The fully hadronic channel, where each of the
hadronically decaying W bosons are reconstructed as large radius jets, provide the best sensitivity
to new physics manifestations [500]. Modifications to the SM can be modelled with a dimension-

six interaction Lagrangian density, Leff
6 = − e2

8 a
W
0 FµνF

µνW+αW−α − e2

16a
W
C FµαF

µβ
(
W+αW−β +

W−αW+
β

)
. These are the only operators allowed after imposing U(1)em and global custodial SU(2)C

symmetries. The expected limit on the anomalous aW0 and aWC couplings would be at least one order
of magnitude larger in the hadronic channel than in the semi-leptonic or leptonic channel combined.
The projections for 14 TeV Run-3 combining all channels is shown in Fig. 26. However, the use of
jet substructure variables that are sensitive to the number of hard prongs in the jet are necessary
(for example, N -subjettiness ratios) in order to tame the large QCD jet background. The sensitivity
can be further expanded by considering ungroomed jet substructure variables; the ungroomed jet
mass and jet shapes for central exclusive W boson jets should render similar resemblance to the
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jet substructure of a groomed W boson jet from a typical QCD interaction. The SM γγ → WW
scattering can be probed in the semi-leptonic channel at high WW invariant masses, in a way such
that it complements the phase-space covered by the fully leptonic channel.

In addition to pure gauge boson scattering, one can probe electromagnetic interactions in other
processes such as in γγ → tt̄ scattering, which is induced at tree-level in the SM with the elementary
QED vertices of the top quark and the photon. The SM process has not yet been observed. The
CMS Collaboration has set an upper limit on the cross section of 0.59 pb at 95% CL [422]. Although
the process is induced at tree-level, the cross section is on the order of 10−1 fb before branching
fraction corrections and for a typical RP acceptance in ξ. It is likely that evidence could be
established considering the full HL-LHC luminosity. For BSM physics, we considered six different
operators (four dimension-six and two dimension-eight) with γγtt̄ quartic couplings. We embedded
the corresponding amplitudes for six different operators, each representative of different underlying
symmetries of the BSM scenarios at high masses. The constraints we expect for a typical Run-3
scenario is about ζγγtt̄i ≈ 10−12 GeV−4, for i = 1, . . . , 6, where ζi represent the anomalous quartic
couplings. Focusing on high-mass back-to-back top quark pairs with proton tagging, one expects
a residual QCD tt̄ background of the order of 100 counts for 300 fb−1 at 14 TeV. The mass
distributions at particle-level for QCD tt̄ production and predictions for anomalous couplings are
shown in Fig. 27. The search could be expanded to include the fully-hadronic case at the HL-LHC,
where the larger statistical sample allows the coverage of the region of phase-space of highly boosted
top quarks.
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To summarize this section, there are good prospects for expanding the search for new physics
at the LHC in photon-fusion processes such that is complementary to the existing program of the
CERN LHC. Other prospects for the HL-LHC era can be read in Ref. [417].

VIII. CONCLUSIONS

Forward physics allows to address fundamental research questions related to the growth of
gluon distributions in the perturbative high energy limit and their potential saturation due to
the onset of unitarity corrections. It allows searching for imprints of such effects in both parton
distribution functions of colliding hadrons and directly in the final state of events. Carrying out
this physics program is essential for two reasons: preparation for the future Electron Ion Collider
(EIC) and the potential to answer central research questions already at LHC runs. In compari-
son to the LHC forward physics program, the future EIC will allow to probe the dense nuclear
matter with an electron beam, ideal for the investigation and characterization of hadronic structure.

Identifying suitable probes at the LHC is on the other hand far more cumbersome. Nevertheless
this is worthwhile effort: due to its high center of mass energy, the LHC allows to probe hadronic
matter at unprecedented values of x, which are several orders of magnitude below the values to
be reached at the Electron Ion Collider. This is particularly true when using dedicated events in
the forward region. It therefore covers regions of phase space which are completely inaccessible at
the EIC and allows for a direct comparison between high parton densities generated through low
x evolution and those present in large nuclei.

A related topic addresses the direct analysis of emission patterns, related to low x – in that case
BFKL – evolution, which can be studied using multi jet events. While challenging at the LHC,
study of such evolution effects is clearly limited at an Electron Ion Collider to the limitations in
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available phase space. Within the foreseeable future, such questions will be either studied at the
LHC within the Forward Physics program, or they will not be studied at all.

While somewhat orthogonal from the point of view of the physics program, it is natural to
employ forward detectors not only for the exploration of strong interactions but also for new
physics searches and the study of electroweak dynamics. In particular photon-photon reactions,
and related Pomeron-Pomeron fusion processes allow for the observation of very clean events at
the LHC, due to the detection of intact scattered protons and/or large rapidity gaps between the
centrally produced object and the scattered proton. While their exploration is of high interest by
itself, such events have further the potential to improve existing bounds on new degrees of freedom
and to contribute to searches for new physics at the LHC.

Forward Physics allows therefore to address central physics questions of both nuclear and particle
physics. Its physics program is strongly related to the physics at the future EIC as well as searches
for new physics at the LHC. The region of phase space explored by LHC forward physics is unique
and therefore allows us to address research questions which are not accessible anywhere else.
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imprints in inclusive three-jet production at 7 and 13 TeV,” Nucl. Phys. B 910 (2016) 374–386,
arXiv:1603.07785 [hep-ph].

[86] G. Chachamis, F. Caporale, F. Celiberto, D. Gomez Gordo, and A. Sabio Vera, “Inclusive three jet
production at the LHC for 7 and 13 TeV collision energies,” PoS DIS2016 (2016) 178.

[87] F. Caporale, F. G. Celiberto, G. Chachamis, and A. Sabio Vera, “Inclusive four-jet production: a
study of Multi-Regge kinematics and BFKL observables,” PoS DIS2016 (2016) 177,
arXiv:1610.01880 [hep-ph].

[88] G. Chachamis, F. Caporale, F. G. Celiberto, D. G. Gomez, and A. Sabio Vera, “Inclusive three jet
production at the LHC at 7 and 13 TeV collision energies,” 10, 2016. arXiv:1610.01342 [hep-ph].

[89] F. Caporale, F. G. Celiberto, G. Chachamis, D. Gordo Gomez, B. Murdaca, and A. Sabio Vera,
“High energy effects in multi-jet production at LHC,” arXiv:1610.04765 [hep-ph].

[90] F. Caporale, F. G. Celiberto, G. Chachamis, D. Gordo Gómez, and A. Sabio Vera, “Inclusive
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[451] G. G. da Silveira, V. P. Gonçalves, and G. G. Vargas Veronez, “Nonexclusive particle production by
γγ interactions in pp collisions at the LHC,” Phys. Rev. D 103 (2021) no. 7, 074021,
arXiv:2103.00992 [hep-ph].

[452] V. M. Budnev, I. F. Ginzburg, G. V. Meledin, and V. G. Serbo, “The Two photon particle
production mechanism. Physical problems. Applications. Equivalent photon approximation,” Phys.
Rept. 15 (1975) 181–281.

[453] A. V. Manohar, P. Nason, G. P. Salam, and G. Zanderighi, “The Photon Content of the Proton,”
JHEP 12 (2017) 046, arXiv:1708.01256 [hep-ph].

[454] L. A. Harland-Lang, A. D. Martin, R. Nathvani, and R. S. Thorne, “Ad Lucem: QED Parton
Distribution Functions in the MMHT Framework,” Eur. Phys. J. C 79 (2019) no. 10, 811,
arXiv:1907.02750 [hep-ph].

[455] NNPDF Collaboration, V. Bertone, S. Carrazza, N. P. Hartland, and J. Rojo, “Illuminating the
photon content of the proton within a global PDF analysis,” SciPost Phys. 5 (2018) no. 1, 008,
arXiv:1712.07053 [hep-ph].

[456] A. Manohar, P. Nason, G. P. Salam, and G. Zanderighi, “How bright is the proton? A precise
determination of the photon parton distribution function,” Phys. Rev. Lett. 117 (2016) no. 24,
242002, arXiv:1607.04266 [hep-ph].
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